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Single crystal lithium niobate is a commonly used material for optical 
applications, due to its variety of relatively strong and useful optical properties. 
First and foremost amongst these it is transparency and near zero absorption over 
a wide wavelength range. Additionally, it is host to various optical effects that 
include the Pockels effect (or linear electro-optic effect), piezoelectric effect, 
acousto-optic effect etc. This makes lithium niobate a strong candidate as a 
material platform for photonic integrated circuits. Additionally, lithium niobate’s 
nonlinearity also allows it to be used for various optics or nonlinear optics 
applications, such as cavity quantum electrodynamics, sum frequency generation, 
and optical parametric oscillators. The plethora of optical effects exploitable in 
lithium niobate makes it an ideal choice for photonic integrated circuits as many 
functions can be easily integrated into a single chip.  
Challenges 
The basic building block of optical devices is the waveguide, and to create 
waveguides in lithium niobate, typically refractive index guiding is used. 
However, the most common fabrication techniques for index guiding (titanium 
diffusion and proton exchange) have a very small associated index contrast. This 
prevents compact structures due to prohibitive bending losses. As a result, 
photonic devices in lithium niobate exhibit large footprints, and this exacerbates 
the cost and limits integration. In addition, lithium niobate is fairly resistant to 
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etching, and produces rough sidewalls when etched. This makes micro-structures 
patterned into lithium niobate prone to high optical propagation losses. 
Thesis Contribution 
In this thesis, we try to improve the toolset for lithium niobate as an 
integrated photonics platform. We explore various methods for fabricating 
devices in lithium niobate, such as titanium diffusion, argon-ion etched structures 
and lithium niobate on insulator. We design and fabricate various optical devices 
such as waveguides, microring resonators, power splitters and Mach-Zehnder 
modulators. The devices are later measured and characterized, and evaluated for 
commercial applications. 
In all, our work seeks to overcome some of the challenges posed by 
lithium niobate, to pave the way for commercial compact and integrated 
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left to right........................................................................................................... 139 
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 | Introduction and Motivation 
1.1 Optics: A Historical Background 
Optics is an old and developed field, whose roots trace back to ancient 
civilizations such as Egyptians and Greeks. The philosophers and scientists of 
antiquity discussed light as a geometrical ray, and derived rules for its 
propagation, reflection and refraction. However, though they greatly 
contemplated the nature of light, due to the limitation of tools and knowledge, 
they could not comprehend its physical nature.  
Millennia later, a major advancement came with the publication of the 
seminal paper, entitled “A Dynamical Theory of the Electromagnetic Field”, by 
the famed father of Electromagnetism: James Clerk Maxwell. Maxwell was 
inspired by Michael Faraday’s “lines of force” and Wilhelm Eduard Weber and 
Rudolf Kohlrausch’s experimental evidence of the correlation between 
“electrostatic” and “electromagnetic” constants (now known as 𝑐 = 1/√𝜇0𝜀0). 
On that foundation, he theoretically derived the fundamental nature of light and 
the rules obeyed by it. These equations were later re-formulated by Oliver 
Heaviside into the now famous “Maxwell Equations”, shown in (1) below: 






Gauss’s Law for 
Magnetism 
∇ ⋅ 𝐵 = 0 (1.2) 
 
Faraday’s Law of 






Ampère’s law (with 








A few short decades later, between 1899 and 1905, the quantum 
mechanics revolution then amended this understanding, defining the quantum of 
light as a photon, and showed that it exhibits wave-particle duality. And finally, 
the development of lasers in the 1960s, laser diodes in the 1970s and optical fibers 
and erbium doping in the 1980s formed the basis of telecommunication 
technologies in an emerging field that would come to be known as photonics. This 
is where our story begins. 
1.2 Photonics: Light in Action 
As succinctly defined by the United Nations in their 2015 International Year of 
Light and Light-Based Technologies, “Photonics is the science and technology of 
generating, controlling, and detecting photons, which are particles of light.” 
Photonics permeates our everyday lives in ways which are not clearly visible. It 
forms the basis of modern communication (the underlying optical fibers that 
connect the Internet), and has contributed to great advances in illumination and 
lighting, detection and even medical treatment and diagnosis. There are many 
material platforms used to fabricate these photonic devices, such as lithium 
niobate, indium phosphide, gallium arsenide, silicon, each with their own 
strengths and weaknesses. These materials are used to varying degrees to 
generate, control and detect photons. 
The full potential of photonics is still unrealized, and there are many 
practical limitations: miniaturization is difficult, devices are relatively costly, and 
a commercial all-optical transistor is still a pipe dream. Additionally, while an all-
optical transistor has been demonstrated, it has not been integrated and thus is 
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many orders of magnitude larger than an electrical transistor. That being said, 
photonics still has a high ceiling, and promises significant advantages not found 
in electronics, such as extremely low power consumption, extremely fast speeds, 
low loss and dispersion over long distances, and easier access to quantum 
operations. These advantages put photonics into the forefront as a necessary 
technology for exascale computing and beyond. 
As such, much effort has been expended in “photonic integrated circuits”, 
as an analogue to electronic integrated circuits. These are circuits that perform 
multiple operations, are compact and relatively cheap, and potentially have access 
to quantum operations. 
1.3 Our Motivation in this Thesis 
In this thesis, we specifically focus on lithium niobate as a material platform to 
control and modulate light. The reasons are manifold, and have to do with the 
intrinsic optical characteristics of lithium niobate: lithium niobate is transparent, 
lithium niobate has good matter-light interaction, lithium niobate can be quickly 
modulated. The plethora of optical effects exploitable in lithium niobate makes it 
an ideal choice for photonic integrated circuits as many functions can be easily 
integrated into a single chip. 
Later, we experiment with devices fabricated in lithium-niobate-on-
insulator (LNOI), which is a wafer fabrication technique similar to smart cut 
silicon-on-insulator. The same idea applies; crystal ion slicing is used to bond a 
thin single-crystal wafer onto a host wafer. This will be explained in detail in later 
chapters. LNOI provides a unique advantage over bulk single-crystal lithium 
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niobate in that micro- and nano-structures can be patterned in the thin film, 
allowing more compact and complex structures to be fabricated.  
We will explore various fabrication techniques to make various active and 
passive devices in lithium niobate. We will then characterize these devices, 
evaluate their performance, and try to fit them into the framework of photonic 
integrated circuits. 
1.4 Background on Lithium Niobate 
1.4.1 Beginnings and Growth 
Lithium niobate (chemical formula LiNbO3) is a birefringent crystal with a 3m 
trigonal lattice system. “Birefringent” means that it has different refractive indices 
for different polarization of light (specifically one ordinary refractive index shared 
along X and Y, and one extraordinary index along Z), and the trigonal lattice 
system refers to its crystal unit cell having a certain type of symmetry (a single 
three-fold rotation axis), as shown in Figure 1 below. The left unit cell includes 
oxygen atoms and bonds in the unit cell, whereas the right unit cell just shows the 
lithium and niobium sites for clarity. The diagram was created in  the software 
VESTA (Visualization for Electronic and Structural Analysis by Koichi Momma) 
using crystal structure information from [1]. 
This crystal does not exist in nature, and was first artificially synthesized 
from melted compositions of the elements (lithium oxide and niobium pentoxide) 
in 1949 in B. T. Matthias and J. P. Remeika seminal paper, "Ferroelectricity in the 




Figure 1-1 – Lithium niobate atomic structure, created in VESTA. Unit cell view 
showing both with and without oxygen atoms. 
Currently, single crystal lithium niobate wafers are grown based on a 
modified version of the Czochralski technique (the same technique used to grow 
silicon wafers); a seed crystal is ‘pulled’ at low speed from a melt of the 
congruent composition. When electrodes were placed on this crystal and found to 
produce very interesting effects. Currently, this process is very mature, and allows 
high quality low defect single crystal lithium niobate to be fabricated.  
1.4.2 Lithium Niobate: Optical Effects 
As previously discussed, lithium niobate is a commonly used material in 
optoelectronics applications, due to its strong electro-optic coefficients [3]. 
Probably the most important optical feature is its transparency: it has almost no 




Figure 1-2 – Lithium niobate wafers. (a) shows an unprocessed clean Z-cut wafer, 
and (b) shows the wafer in the path of a red laser. One can see the faint outline of 
the laser beam guided through the higher index lithium niobate. 
Although many materials are transparent, another distinguishing feature of 
lithium niobate is its strong electro-optic and nonlinear coefficients. This includes 
very useful effects that have already been commercialized such as the Pockels 
effect (or linear electro-optic effect) and Sum Frequency Generation (SHG). The 
Pockels effect is particularly important as it only arises when the crystal lacks 
inversion symmetry, which can be inferred from Figure 1-1. 
We’ll spend a little time discussing some of these nonlinear effects, as the 
plan is to exploit them to create devices. The starting point is describing electrical 
displacement as related to polarization density. “Electric Displacement” is a 
vector field that describes the effects of free and bound charges within a dielectric 
material, whereas polarization density is another vector field that describes the 
electric dipole moments in a dielectric material. They are related by (2), described 
below. 
 𝑫 = 𝜀0𝑬 + 𝑷 (2) 
Polarization density, in the presence of an electric field (as a vector), can 
be expanded into both the linear and nonlinear case. 





 𝑷 = 𝜀0𝜒
(1) ⋅ 𝑬 + 𝜀0𝜒
(2): 𝑬𝑬 + 𝜀0𝜒
(3) ⋮ 𝑬𝑬𝑬 + ⋯ (4) 
Equation (3) describes the ‘linear’ case, whereas (4) describes the 
‘nonlinear’ case. Here, ‘linear’ is a bit of an oversimplification: we actually mean 
linear and isotropic dielectric media. Equation (3) describes that the polarization 
𝑷 is aligned to the electric field vector 𝑬, proportional by the constant 𝜀0 (the 
vacuum permittivity, 8.854 𝐹 ⋅ 𝑚−1) multiplied by the electric susceptibility 
𝜒 (literally, how susceptible or sensitive a material is in response to an applied 
external electric field). One might be familiar with another way of defining 𝜒 as 
electric susceptibility in (5), which is related to the relative permittivity (the 
square of which is the refractive index). Therefore, in a vacuum, since 𝜀 = 1, ∴
𝜒 = 0. Substituting in to (3), the contribution from the polarization density is 
equal to zero. 
 𝜀𝑟 = 1 + 𝜒 (5) 
Equation (4) however describes the nonlinear case, which becomes a little 
more complicated: here the induced polarization is dependent on some function of 
the electric field multiplied by higher order susceptibilities. It is much easier to 
consider the case where the electric field 𝐸 is scalar rather than a vector, and the 
equation then simplifies to (6). 
 𝑷 = 𝜀0𝜒
(1)𝑬 + 𝜀0𝜒
(2)𝑬𝟐 + 𝜀0𝜒
(3)𝑬𝟑 + ⋯ (6) 
 Equation (6) is readily understood: the polarization is simply the order of 
electric field multiplied by the corresponding order of electric susceptibility 𝜒. To 
see how (6) helps us understand nonlinear optical effects, let us apply a static DC 
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field (𝐸0) and shine a plane wave (i.e. laser) of frequency 𝜔 with field amplitude 
𝐸1 into our material (𝐸 = 𝐸0 + 𝐸1 cos𝜔𝑡). We directly substitute in 𝐸 into (6), 
and for simplicity ignore 𝜒(3) and higher orders (they are insignificant anyway). 
 𝑃 = 𝜀0𝜒
(1)(𝐸0 + 𝐸1 cos𝜔𝑡) 
+𝜀0𝜒





If we expand the 𝜒(1) and 𝜒(2) terms, we obtain the relationship below 
(here we used the trigonometric identity cos 2𝜔 = 2 cos2 𝜔 − 1): 
 𝑃 = 𝜀0𝜒
(1)𝐸0, (1) 
+𝜀0𝜒








(2)𝐸0𝐸1 cos𝜔𝑡 , (5) 
+0.5𝜀0𝜒
(2)𝐸1
2 cos 2𝜔𝑡 , (6) 
(7.2) 
 
These expansions refer to the following: 
1. 𝜀0𝜒
(1)𝐸0: is the DC applied field 
2. 𝜀0𝜒
(1)(𝐸1 cos𝜔𝑡): directly relates to refractive index 
3. 𝜀0𝜒
(2)𝐸0
2: is the DC applied field 
4. 0.5𝜀0𝜒
(2)𝐸1
2: is electro-optical rectification, a DC-like component [4] 
5. 2𝜀0𝜒
(2)𝐸0𝐸1 cos𝜔𝑡: is the Pockels effect; it requires both an electric field 
(𝐸0) and a laser source (𝐸1 cos𝜔𝑡), and affects the refractive index 





2 cos 2𝜔𝑡: is second harmonic generation, the output is a wave 
of double the frequency (2𝜔). Sum frequency generation and difference 
frequency generation is also possible if we introduce another laser 
(𝐸2 cos𝜔2𝑡). 
Now, in this thesis, we are particularly interested in the Pockels effect (or the 
linear electro-optic effect), or coefficient 𝜒(2). As before, the Pockels effect 
changes the refractive index linearly with an applied DC field. These coefficients 
are typically given in a Δ𝜼 matrix (the impermeability matrix or tensor) instead, 
due to historical reasons. These two matrices (permeability 𝜺 and 
impermeability 𝜼) are related via (8.1) and their corresponding change matrices 
are related via (8.2). In the case of an isotropic medium, 𝜺 is a scalar. However, 
for uniaxial or biaxial materials, each of the refractive indices is different along 
each principle crystal axis, making 𝜺 a matrix.  








𝜺 ⋅ Δ𝜼 ⋅ 𝜺 (8.2) 
 
Each component of the impermeability matrix is defined in (9) below, and 
gives us the following matrix in (9.2). Δ𝜂1 to Δ𝜂6 later fit into the impermeability 
change matrix, which  will be explained later. Also, compressed index notation or 
Voigt notation[5] is used to shorten Δ𝜂𝑖𝑗 to Δ𝜂𝑙, as shown in (9.2). 
 










Δη11 or 1 Δη12 or 6 Δη13 or 5
Δη21 or 6 Δη22 or 2 Δη23 or 4








































These coefficients can be easily found for lithium niobate [6], and are shown 
in Table 1-1 below, and directly relate to change in permeability when a DC 
electric field is applied. 
Table 1-1 - Pockels Coefficients for LiNbO3 
𝜆 [𝑛𝑚] 𝑟13 [𝑝𝑚/𝑉] 𝑟22 [𝑝𝑚/𝑉] 𝑟42 [𝑝𝑚/𝑉] 𝑟33 [𝑝𝑚/𝑉] 
633 +8.6 +3.4 +28 +30.8 
For lithium niobate, the impermeability tensor is as follows. Notably, as a 
trigonal 3m group crystal, some of these fields are empty, and some of the fields 












































































Then, from the compressed index notation, we can determine Δ𝜂, as 
below, where Ex, Ey and Ez are in V/m. 
Δ𝜂 = [
−3.4𝐸𝑦 + 8.6𝐸𝑧 −3.4𝐸𝑥 28𝐸𝑥
−3.4𝐸𝑥 3.4𝐸𝑦 + 8.6𝐸𝑧 28𝐸𝑦
28𝐸𝑥 28𝐸𝑦 30.8𝐸𝑧
] 
 This matrix in its current form is actually not particularly useful. It can be 
diagonalize it by finding det(Δ𝜂 − 𝜆𝐼), then convert it back to an Δ𝜀 matrix using 
(8.2).  
Finally, these equations can be simplified to changes in the refractive 
index (𝑛 = √𝜀𝑟). The equation can finally be simplified to the more useful 
relations shown below, where (10) describes the electro-optic effect due to 
applied field in the Z-direction (𝐸𝑧 field), and (11) describes the electro-optic 
effect due to the applied field in the Y-direction (𝐸𝑦 field). As lithium niobate is 
birefringent, the solution in the X-direction will be similar to that of the Y-
direction in (11). 
  

























   
where 𝑛𝑒 indicates the extraordinary refractive index, and 𝑛𝑜 indicates the 
ordinary refractive index. Typical values are 2.1890 and 2.2878 respectively, 
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measured at 633 nm [7]. Equation (10) and (11) are the most important in this 
respect, as they are the ones most frequently used for modulation of electro-optic 
devices in lithium niobate. 
1.4.3 Advantages and Disadvantages for Devices 
This effect is used in various voltage-controlled modulation schemes, and is 
advantageous over other index controlling methods in other materials. For 
example, carrier-injection induced index change in silicon is significantly slower 
[8] and electro-optic coefficients in other materials (i.e. III-V materials) can be an 
order of magnitude smaller [9]. 
In addition to its inherent optical advantages, the growth of high quality 
single-crystal lithium niobate is a fairly mature process [10], allowing good yield 
and high quality optical devices. However, there are disadvantages, primarily the 
difficulty in working with lithium niobate [11, 12]. Lithium niobate is notoriously 
difficult to etch and pattern, especially at the on the nanometer scale and this is 
particularly pronounced in various anisotropic etching methods. Anisotropic 
etching is mandatory for many types of devices such as ridge or rib waveguides, 
and indeed any 2D or 3D structure. 
This is shown in Figure 1-3, which shows that while deep etching can be 
achieved, rough sidewalls are typical of these processes [13]. When light 
propagates through these waveguides, additional propagation losses are incurred 




Figure 1-3 – SEM of Rough sidewalls of etched lithium niobate, with permission 
from [13]. 
In spite of the disadvantages, the promising characteristics of lithium 
niobate propel it to the forefront of materials used in various electro-optical and 
nonlinear optics applications.  Devices such as Mach-Zehnder modulators, 
Pockels cells, microring resonators and other devices are common in research as 
well as in commercial applications [14]. 
1.4.4 Comparison with Other Materials 
We have already discuss the Pockels effect in lithium niobate, let us look to 
alternative optical materials. There are several other semiconductor materials such 
as indium phosphide and gallium arsenide that also have a Pockels coefficient, but 
they are significantly smaller (at telecom wavelengths, GaAs: r41 = -1.53 pm/V, 
InP: r41= 1.47 pm/V) [6]. Also, there are materials such as barium titanate 
(BaTiO3) with a much higher Pockels coefficient (at telecom wavelength, 




Table 1-2 – Useful Materials for Optical Devices for Photonic Integrated Circuits 
Pros Cons 
Silicon [15] 
 Mature Processes, high yield 
 Compatibility with silicon 
processing 
 High index change due to applied 
field 
 High insertion loss 
 Opaque in the visible range 
 Little to no nonlinear effects 
 Slow carrier injection 
Silicon Nitride 
 Low insertion loss 
 Low propagation loss 
 No electro-optic effects, passive 
devices only 
EO Polymer / SOH 
 Cheap and easy to fabricate 
 Compatibility with silicon 
processing 
 Low driving voltage due to high 
EO coefficient [16]  
 Bad long term stability 
(historically) 
 Very high propagation loss [17] 
 High insertion loss 
Indium Phosphide [18] 
 Electro-absorption, quite fast 
 Some nonlinear coefficients 
 Direct bandgap, active devices 
possible 
 Reasonable losses (sub 5 dB/cm) 
 High insertion loss 
 Costly (compared to the above) 
Lithium Niobate 
 Very low loss (sub 1 dB/cm) 
 Low insertion loss 
 Difficult to etch 
 Costly (compared to the above) 
 Large footprint 
The Pockels effect is not the only candidate for optical devices. Other 
materials are also promising, and all of them have distinct characteristics which 
are useful to achieve photonic integrated circuits (PIC). We compare these in 
Table 1-2. 
Silicon photonics is an obvious choice, as it is cheap and makes use of 
decades of yield improvements in the silicon fabrication industry. Carrier 
injection is used to modulate the refractive index, which can produce very high 
index change (up to 0.1) [15]. However, due to its high refractive index (3.4 at 
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telecom wavelengths, 1550 nm), insertion loss from fiber is very high. Silicon 
nitride, on the other hand, has a refractive index that almost matches that of 
optical fibers (~1.4), and has a low propagation loss. However, due to a lack of 
any electro-optical effects, SiN-based devices are mainly limited to passive 
components such as arrayed waveguide gratings. Hybrid-SiN devices can 
overcome this limitation by introducing electro-active materials, but this comes 
with higher integration cost. Both silicon and silicon nitride are readily 
commercialized. 
Silicon’s advantages and disadvantages also ring true for SOH (silicon 
organic hybrid) devices. Typically, slot waveguides are patterned on silicon, and 
an EO polymer is deposited on top (such as electro-optic chromophore in AMP, 
amorphous polycarbonate) [19]. Since the mode is highly confined in the slot, the 
very high EO coefficients of these polymers can be utilized. Historically they 
have low stability (especially thermally), but contemporary devices can match 
requirements fairly well. The main disadvantages are the very high loss, of 20+ 
dB/cm in literature [16]. 
Indium phosphide is a great alternative to silicon-based photonic devices. 
Group III-IV materials generally have a direct bandgap which means that lasers 
can be fabricated easily. Secondly, the modulation mechanism, electro-absorption, 
is quite fast (though not as fast as EO modulation), and the losses are within 




This is not to say that lithium niobate is the best choice, but each material 
platform has its own intrinsic advantages that make it useful for different 
applications. Lithium niobate has already been discussed in the previous section 
(Section 1.4.3), but the difficulty of patterning lithium niobate is one major 
roadblock for achieving more promising applications in this material. In this 
thesis, patterning and dry etching results will be presented that make progress in 
this regard. 
1.5 Waveguide Theory 
Waveguides are the fundamental building block of all optical devices. A 
waveguide usually consists of an area of higher refractive index (called the core) 
compared to the surrounding region (cladding), and this structure confines the 
light to the core via total internal reflection. Total internal reflection is possible 
when the incidence angle is above the critical angle, which generally will not be a 
problem when the waveguide width is sufficiently low. There are other methods 
to guide light (such as gain guiding and even reflection guiding at metallic 
interfaces), but they do have not widespread use as compared to index guiding in 
waveguides. Gain guiding is common in active materials such as lasers. 
 For this type of index guiding waveguide, confinement is generally 
dependent upon the index contrast and can be mathematically defined in terms of 




Figure 1-4 – Planar vs Channel Waveguides. The blue region indicates the guiding 
region (i.e. index guiding or gain guiding). 
 






where: 𝑘0 is the central wavenumber, 𝑛𝑔 is the index of the guiding medium, 𝑛𝑠 is 
the substrate index, ?̅? is the effective index defined as the propagation constant 
divided by the fundamental wavenumber ?̅? =
β
k0
 and 𝑑 is the width of the 
waveguide. (In 2D cases, the height of the waveguide also has to be considered.) 
The optical confinement factor can then be defined, Γ𝑔, as the ratio of the intensity 







This is considering ideal straight waveguides with well-defined step 
gradient, and 1-dimensional lateral confinement. From (13), higher index contrast 
leads to better confinement. When the waveguide is non-ideal or has multi-
dimensional aspects, loss and confinement become more difficult to calculate. 
Various other methods exist for 2-dimensional cases such as the Marcatili method 
and the effective index method [20], but the most common solution is through 
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simulation either via the beam propagation method (BPM) or by a finite-
difference time-domain method (FDTD).  
Another important phenomenon is waveguide coupling: when close to 
another waveguide, optical coupling can occur. Due to the wave nature of light, 
when the gap between two waveguides is sufficiently narrow, light can couple 
from one waveguide to the other. This is due to the evanescent tail of the 
propagating mode overlapping into a mode in the adjacent waveguide. Various 
factors affect the coupling intensity, such as coupling length 𝐿, gap 𝛿𝑑, index 
contrast Δ𝑛, and so forth. With a given gap and index contrast, at a given length 
𝐿, critical coupling occurs. This is where all (100%) of the light is coupled out of 
the incident waveguide [21]. The optical power however will transfer back and 
forth between the two waveguides along greater lengths, with maxima occurring 
at multiples of 𝐿. 
1.6 Microring Resonators 
One of the focuses of my research is the fabrication of optical microring 
resonators, and it helps to introduce some of the underlying concepts. A microring 
resonator consists of two waveguides: one of the waveguides is a closed loop 
forming a resonant cavity, and the other waveguide couples light into the cavity. 





Figure 1-5 – Schematic of a racetrack resonator. A microring resonator is a 
racetrack resonator with the cross-coupling length removed. 
The closed loop forms a path of light to continuously circulate. However, 
there is a resonant cavity condition given by [22]: 
 𝑁(𝜆)𝐿 = 𝑚𝜆, (14) 
where 𝑁(𝜆) is the effective index of the guided mode, 𝐿 is the resonator length, 𝜆 
is the wavelength of the guided light and 𝑚 is an integer. Wavelengths that fit this 
resonant condition are likely to be confined within the cavity, and continuously 
circulate. This forms resonant peaks separated by a free spectral range (FSR). 
FSR is defined as the distance between resonant peaks, and mathematically is as 
shown below: 
 Δ𝜆𝐹𝑆𝑅 = 𝜆𝑚 − 𝜆𝑚+1 , (15) 
where 𝜆𝑚 is the wavelength at the m-th peak. Combining these equations and 
differentiating them gives us an approximation of the FSR at any wavelength. 
This equation reveals that the FSR is inversely proportional to the ring length 
[23]. 
 𝐹𝑆𝑅𝑓 = 𝛥𝑓 =
𝑐
𝑛𝑔𝐿
 , (16) 
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where 𝑛𝑔 is the group index, and 𝐿 is the length of the cavity. These resonators 
are particularly useful devices due to their small size and wavelength selectivity 
[24]. When paired with straight waveguides, they are able to provide many 
photonic functions such as optical delay lines [25], add-drop filters [26] and 
photonic sensors [27]. While fairly common in other materials such as silicon [24, 
28], GaAs [29] and polymers [30], microring resonators in lithium niobate are 
significantly more difficult to fabricate due to the difficulty of etching lithium 
niobate [11, 12]. We will further explore this in Chapter 3. 
1.7 Losses in Waveguides: Bending losses 
There are various losses in waveguides, such as propagation/radiation loss (due to 
poor index contrast or roughness), scattering loss (due to defects) and absorption 
loss (due to material absorption). One of the key losses in a microring resonator is 
the bending loss. As previously mentioned, waveguides confine light via total 
internal reflection created by a region of higher index. However, when a 
waveguide bends, the “angle” can be thought of as increasing, and therefore lot of 
light is radiated out as a waveguide bend exceeds the critical angle criterion for 
total internal reflection. 
For a ring, bending loss that gives roughly 0.1 𝑑𝐵/𝑟𝑎𝑑 of radiation loss is 
considered acceptable, and the minimum critical radius (𝑅𝑐) that satisfies this 
criterion is described in (17) [31]. 




For an index contrast of 0.01, this radius is equal to 5 mm. Another simple 
method based upon a proposal by Marcatili and Miller also takes into account the 




 , (18) 
where 𝑅 is the ring radius in millimeters, 𝑛𝑠 is the index of the substrate, 𝑎 is the 
waveguide width in μm and Δ𝑛 is the index contrast. The key idea is that bending 
loss remains low until a critical radius is reached, 𝑅𝑐, after which the bending 




𝑅𝑐  , 
(19) 
where 𝐶 is a constant, and 𝛼𝐵 is the bending loss. Based on these criteria, if the 
index contrast is not sufficiently high, we typically need to select a larger ring 
radius and larger waveguide width to accommodate it. 
1.8 Current Work in Lithium Niobate  
1.8.1 Methods to Increase Refractive Index 
In lithium niobate, there are two main ways to increase the index; (a) annealed 
proton exchange and (b) titanium diffusion. Both work by similar principles: the 
introduced element displaces the lithium in the crystal structure and causes an 
increase in the index.  
Proton exchange typically involves submerging the substrate in molten 
benzoic acid for some time (i.e. 200°C for 3 to 5 hours) [33]. However, since the 
crystal damage induced by the proton exchange step usually causes a significant 
reduction in the electro-optic properties, an annealing step is included to repair 
most of the crystal damage and restore the Pockels coefficient closer to its 
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original value. These are typically called annealed proton exchange (APE) 
waveguides, and exist in planar, channel and rib/ridge forms. 
Titanium diffusion involves depositing titanium on top of the substrate, 
and heating the substrate (in various different atmospheres) to around 1000°C for 
8-12 hours [34]. Wet oxygen is usually recommended at some stage (usually the 
last hour) to allow re-oxidation and also to prevent lithium ion outdiffusion.  
These two methods have their distinct advantages which are summarized in Table 
1-3. As a result, for the applications, in this thesis, and as a first step towards 
fabrication of lithium niobate waveguides, I chose to work with titanium diffused 
lithium niobate, as confinement in all directions is mandatory for microring 
applications. 
Table 1-3 - Comparison of Index Increasing Methods 
 Annealed Proton 
Exchange 
Titanium Diffused 
Fabrication Simpler, shorter 
duration. 
Long duration, high 
temperatures required. 
Index change Significant (Δ𝑛 ≈ 0.1), 




Very small (Δ𝑛 ≈ 0.01), 
but all indices increase. 
Stability Deteriorate over time 
and low temperature 
(~250°C) due to proton 
mobility. 
Highly stable, the 
diffused titanium is 
“stuck” in place. 
Surface Profile Causes a small dip in 
the exchanged region, 
as protons are smaller 
than Li-ions. 
Causes a small bump in 
the diffused region, as Ti-
ions are bigger than Li-
ions. 
Propagation Loss Higher, electro-optic 
coefficients degraded. 






1.8.2 Current Works in Lithium Niobate 
As previously mentioned, lithium niobate has a wide range of uses. These include 
much of the world’s current high speed communication infrastructure, for both 
fiber and wireless communications. For the fiber case, modulators (Mach-Zehnder 
modulators or MZM) are essentially on/off switches for light that operate at multi-
GHz speed [14]. These devices permit high speed data transfer for the fiber optic 
backbone network, and in many cases even the backhaul (close to the network 
edge). An MZM comprises a 50-50 Y-junction splitter, and two arms. The path 
length of one of the arms can be controlled via the linear electro-optic effect as 
described in Section 1.4.2, and thus creates a path length difference (equivalently 
a phase difference) between these two arms. When each of these arms recombine 
at another Y-junction at the output, the phase can either interfere constructively or 
destructively, allowing modulation. This is discussed further in Chapter 5. 
 Another big market share for lithium niobate is surface acoustic wave 
(SAW) devices. These use the piezoelectric qualities of lithium niobate. SAW 
devices are have  input and output electrodes (acting as transducers) on the 
surface of lithium niobate substrates, and can provide functions such as filtering, 
delay lines, and transformers [35]. They are commonly used by mobiles phones 
and wireless (microwave) communications due to their high performance and 
relative low cost. 
Other useful applications such as tunable filters [36], frequency generation 
[34] and  Pockels Cell [37]. Many of these devices, as mentioned in Section 1.5, 
are built from waveguides. Waveguides are of particular interest as they allow 
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“photonic circuits” to be built. Diffused waveguides have been described in 
Section 1.8.1.In terms of their performance, they have low propagation loss, 
below 1 dB/cm for the TM polarization and 0.5 dB/cm for the TE polarization 
[38], albeit the diffusion process precludes small (submicron) devices. However, 
the low index contrast cannot allow for bends, precluding photonic circuits! This 
can be solved via etching structures in lithium niobate to provide stronger index 
contrast. Etched structures allow for compact devices, and also allow for more 
compact structures such as resonators to be fabricated. However, as mentioned in 
Section 1.4.3, etched structures currently have very high loss due to the difficulty 
of dry etching lithium niobate. 
This leads to the research objectives, how can fabricated structures in lithium 
niobate that have low loss? 
1.9 Research Objectives 
As previously stated, we would like to explore on-chip photonics, and we have 
chosen lithium niobate as an ideal platform, due to its attractive optical properties. 
The main goal would therefore be to fabricate useful devices in lithium niobate, 
such as high-Q ring resonators. When we have high quality factors, many 
otherwise minute effects can be observed. High-Q resonators are functionally 
equivalent to long interaction lengths, allowing the observation of otherwise weak 
or low probability interactions [39, 40]. With the placement of electrodes onto 
these resonators, we can introduce electrical signals to modulate the properties of 
the crystal. Proper choice of the FSR and an optimized design could enable us to 
demonstrate nonlinear interactions in lithium niobate. Examples of these 
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interactions are sum frequency generation [41], sideband optical pumping and 
microwave mode cooling [39], and these phenomena have many applications in 
microwave photonics and quantum optics. The main hurdle is the requirement that 
very high confinement is required to produce observable results, but lithium 
niobate cavities have not approached the high Q-factors required. 
 To achieve this, we optimize fabrication processes and design devices on 
new material platforms (such as lithium niobate on insulator, LNOI) to enable 
compact on-chip devices.  
Research Purpose 
My research purpose can be summarized as follows: 
 To produce good quality optical waveguides 
 To explore fabrication techniques and processes to produce high Q-
factor/finesse microring resonators 
 To devise efficient electrode placement to reduce the voltage drive 
requirements 
 To demonstrate various photonics functions (such as add-drop tunable 
filters, wavelength selectors) 
 Observe optical effects (such as the Pockels effect, sum frequency 
generation) 
The primary objective is therefore to optimize fabrication processes to 
provide commercially viable devices with good figure of merit (such as 
propagation loss and Q-factor). If we are able to achieve high Q-factors, it may be 
possible to further our experiments into cavity quantum electrodynamics (cavity 
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QED). Cavity QED is the study of quantum interaction between photons the light 
confined within a cavity.  
Secondly, since these devices can be compact, in combination with lithium 
niobate’s many useful optical effects, various devices can be combined into a 
single complete on-chip device, realizing photonics integrated circuit.  
1.10 Outline of Thesis  
This first chapter introduces this thesis, provides some background and states the 
research objectives. 
Chapter 2 explains the preliminary work performed to fabricate titanium 
diffused waveguides in lithium niobate. This section introduces some of the 
equipment calibration and process optimization required fabricate the first 
working devices, as well as explains the optical setups used to characterize these 
devices. Also in Chapter 2, etching of rib waveguides is explored on titanium 
diffused waveguides. 
Chapter 3 present devices fabricated on LNOI, particularly microring 
resonators. Argon ion milling is used to create structures in a thin film of lithium 
niobate, and light is coupled under an applied electric field to characterize 
devices. 
Chapter 4 presents loss characterization of LNOI devices, primarily 
employing the Fabry-Perot resonance method and grating method. 
Chapter 5 concludes this thesis and provides insight on potential future 
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 | Titanium Diffused Waveguides 
2.1 Channel Waveguide Fabrication  
The first step was to fabricate a straight titanium diffused channel waveguide in 
lithium niobate, as it has not been done before in our group. Titanium diffused 
channel waveguides are used commercially, chosen due to their stability and low-
loss nature (as described in the previous section on refractive index increase). 
Fortunately, this is a mature process with precedents in literature [1, 2]. The 
fabrication itself is straightforward, and the process is described in Figure 2-1. 
Because our processes involved lift off, we used image reversal 
photolithography to obtain negative photoresist slopes, which aided lift off. 
Firstly, we dice a lithium niobate 3” wafer into 2 cm by 1 cm samples, and clean 
it in the ultrasonic bath with acetone, IPA and DI water (sequentially). 
 
Figure 2-1 – Left: Steps for fabrication of titanium diffused waveguides. Right: 







Then, AZ 5214E photoresist is spin coated onto the cleaned lithium 
niobate substrate at 5000 rpm for 30 s. The photoresist is then baked on a hotplate 
at 90°C for 90 s. After a 40 s exposure, the exposed photoresist becomes soluble. 
The sample is then baked again for image reversal at 125°C for 2 min. 
Subsequently, a flood exposure of 40 s is applied, and this makes all unexposed 
areas soluble. Finally, the sample is developed in AZ developer for 20 s (Step 2). 
The SEM image (in Figure 2-1) shows the negative slope of the photoresist 
achieved when performing image reversal. This negative slope is required to 
obtain a clean liftoff. After the photolithography step, a thin titanium film (80 nm) 
is deposited over the sample via electron beam deposition (Step 3), and lift-off 
obtains the required pattern (Step 4). The final step is diffusion in a muffle 
furnace (set to 975°C for 9 hrs, Step 5). The temperature inside the chamber is 
actually slightly higher than the temperature indicator, as we found that our 
titanium diffuses at slightly lower temperatures than other reported temperature 
values. The samples are diffused in air. 
2.2 Dicing Optimizations 
Photoresist tends to bead at the edges, and this results in a small gap between the 
edge of the sample and the start of the usable waveguide portion. To edge-couple 
light into the waveguides, we needed to remove this gap. While some have 
focused on edge bead removal, we instead choose to cut off the end of the sample. 
However, lithium niobate tends not to break cleanly, and therefore diamond 
scribing rarely produces good edges. We instead use an automatic diamond wafer 




Figure 2-2 – Top view of a diced sample. Rough sidewalls are due to abrasive 
chipping when dicing. This leads to an inability to efficiently couple light into the 
waveguide.  
The wafer dicer spins a circular blade at high speed and scores across the 
wafer at a set depth and speed. We found that the with default settings (rotation 
speed: 25,000 rpm; feed speed: 5 mm/s, cut through) the initial waveguides did 
not produce good results, due to the sidewall being insufficiently smooth to allow 
light coupling. Additionally, there is significant front- and back-side chipping, 
and the cut, while straight, tended to be very rough. This is shown in Figure 2-2. 
After calibrating the machine with a new blade type, an electroformed 
bond specifically for cutting oxides (ZHFX-series blade), we were able to 
properly dice wafers to produce smooth edges. We found that using a reasonably 
high rpm with very slow feed speed (20,000 rpm, 1 mm/s) produced the best 
edges. Secondly, typically only 350 µm into the substrate is cut from the back, 
and cracked by hand the remaining 150 µm. This produces exceptionally smooth 
edges that allow easy light coupling without reflection. The reason is that the 
cracked part can then crack at crystal weak points, producing a good edge as 
shown in Figure 2-3. 
Waveguide Abrasive chipping 
Laser beam focused 




Figure 2-3 – (a): The diced waver shown from the top (region with waveguides). (b): 
Side view showing the diced region, and cracked region 
Figure 2-3 (a) shows the top side of a sample (the side with the 
waveguides). It is sufficiently smooth and couple optical light without significant 
loss. Figure 2-3 (b) shows a cross-sectional view of a substrate after dicing. The 
right hand part is diced by the blade, and the left hand part is cracked. It is 
noticeable that there are lines on the diced side that are due to abrasion from the 
blade, and these lines tend to scatter light. This was our motivation to crack the 
final 150 µm. In addition, cracking the remainder avoids back-side chipping. In 
fact, in general, dicing more than 300 µm is sufficient to make a good cleaving 
edge. This is shown in the Figure 2-4 and Table 2-1, where we vary the cut 
parameters to optimize the dicing. 
 
Figure 2-4 – Dicing Schematic. 




In Table 2-1, we show microscope images of the edges of the samples 
after cutting to a specific depth (indicated by cut depth) and cracking the 
remainder. The substrate (or wafer) is labelled, and the sample edge is shown to 
be smooth. It can be seen that these dicing parameters produce a smooth edge for 
a range of cut depths, and that this technique is suitable for producing sufficiently 
smooth edges for coupling in light. 
Table 2-1 - Dicing Parameters 









200 µm 200 µm 
200 µm 
200 µm 200 µm 
200 µm 








2.3 Titanium Diffused Waveguide 
The first successful sample was fabricated using the diffusion process as 
described here. The waveguides were annealed in a muffle oven (air atmosphere). 
The temperature ramped from room temperature to 975 °C at 20 °C per min. The 
rate of heating was limited to ensure that no photorefractive damage occurred [2]. 
The temperature was then kept constant for 9 hrs, then was slowly left to cool 
overnight. Figure 2-5 below shows the input and output facets of a waveguide 
under test. The waveguiding can clearly be seen, indicative of a refractive index 
increase. 
At one laser wavelength, phase-matching conditions are met to produce 
second harmonic generation (SHG) of green light: (c) and (d) show the same 
waveguide with different input powers (with (d) being higher). In Figure 2-5, a 
broadband source with a peak at 1064 nm has been coupled into the waveguide. 
For Figure 2-5 (c), though the peak is 1064 nm, when a microscope camera image 
is taken, a reddish color is primarily seen due to the broadband beam being more 
spectrally dense in the red region. 
200 µm 200 µm 
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Figure 2-5 – Input (a) and output (b) facet of a waveguide, using a supercontinuum 
laser (490 nm to 2200 nm) coupled into the waveguide. (c) and (d) show second 
harmonic generation occurring, which is fairly easy to achieve in lithium niobate. 
When the second harmonic peak is matched, the 1064 nm peak is 
converted to 532 nm (green light), which overpowers the red wavelengths 
(however some red-yellowish tint can still be seen as the visible red wavelengths 
are not converted). Since the peak of the laser is 1064 nm, the SHG of 532 nm 
(green) light occurs. However, one noticeable side effect is the remaining film on 
the top is ‘spotty’, instead of having a consistent level of illumination. This is the 
remaining Ti-Li-O oxide film on the top that did not fully diffuse in. This is 
generally undesirable as it increases the scattering loss off the top of the 
waveguide. To mitigate this problem, we optimized the diffusion parameters, and 
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Figure 2-6 – Optimized straight waveguide. (a) shows the waveguide illuminated by 
external illumination (microscope light), and (b) shows the waveguide with the 
microscope light turned off. 
This produced the straight waveguides shown in the pictures above 
(Figure 2-6). The figure on the left, (a), has external illumination to show the 
confinement of the laser within the waveguide. 
2.4 Transmission Spectrum Measurement Setup and Results 
As previously mentioned, to couple light into the waveguides, we used a 
supercontinuum source (SuperK VERSA, NKT Photonics),  that was focused by a 
20x/0.35 NA objective lens into the device. Two mirrors were used (not shown in 
the diagram) to accurately direct the output of the laser to the objective lens. We 
then have a lensed fiber to collect the transmission and lead it to an optical 
spectrum analyzer. The setup is shown in Figure 2-7. 
(a) (b) 




Figure 2-7 – Measurement Setup 
The supercontinuum source used has a wavelength range of roughly 490 
nm to 2200 nm, and fairly level intensity across this range. At the output side, a 
lensed fiber was connected to an optical spectrum analyzer (Agilent 86142B 
OSA). To accurately determine the transmission spectrum, we first measured the 
transmission spectrum with the waveguide, and then normalized according to the 
transmission spectrum without the waveguide. The results are presented in Figure 
2-8. 
 
Figure 2-8 – (a) Transmission spectrum of the laser and fiber setup with no 
waveguide, measured using the OSA. (b) Normalized transmission spectrum after 
passing through the waveguide. 
Figure 2-8 shows the transmission spectrum of a waveguide. Graph (a) is 
the transmission spectrum of the input broadband laser. It’s important to note that 




equipment. The normalized transmission, (b) shows various peaks and troughs. 
The troughs at 1000 nm, 1250 nm and 1380 nm are generally attributed to OH 
absorption peaks in the fiber [3], and the remaining (weaker) dips may be due to 
local resonances or defects within the waveguide. Excluding the OH absorption, 
these resonances are quite weak (a couple of dB) and as a result the transmission 
is quite uniform. For a straight waveguide, we expect there to not be great 
changes in transmission spectrum. This result shows guiding in the waveguides, 
which means that the titanium diffusion increased the refractive index, and we can 
therefore proceed to measure the index increase in Section 2.5. 
2.5 Index Measurements  
As we do not have a prism coupling setup, we sent our samples to France. Prof. 
Aaron Danner in collaboration with Prof. Elhadj Dogheche used a Metricon 2010 
(http://www.metricon.com/) to measure various properties of the slab waveguides 
we provided him. The Metricon 2010 setup is a prism coupling setup that has 
several methods to determine various parameters of thin film lithium niobate. The 
setup is shown in the figure below. A coupling prism is pressed onto a sample on 
a rotation stage. Laser light is focused onto the prism and coupled into the sample. 
As the stage rotates, the incident laser angle changes, and the reflected light 
changes (as measured by a photodetector). The intensity of the reflection dips 




Figure 2-9 - Measurement principle for thin film, using the Metricon 2010 [4]. (a) 
shows a schematic of the setup, and (b) shows the results. From (b), the refractive 
index and thickness can be estimated. 
At certain discrete incident angles, the photons can tunnel across an air 
gap into the film and enter into a guided optical propagation mode. This 
significantly reduces the amount of light reflected into the photodetector. The 
angular location of the first mode (dip) determines the film index, and the angular 
difference between the modes reveals information about the thickness and 
imp[roves accuracy of the index measurement.  
However, for bulk measurements, the characterization is even simpler: by 
using a prism with a lower refractive index than the sample, and rotating the 
angle, we can find the critical angle for which total internal reflection occurs 
(𝜃𝑐 = arcsin (𝑛2/𝑛1).  This is manifested in a sudden change in the detected 
reflection intensity, allowing us to find the refractive index of the bulk material by 
solving this equation. To find the refractive index at specific wavelengths, simply 
choose a laser of the desired wavelength as the optical source. The results are 
detailed below. These are the index measurements for pure lithium niobate. For 




Table 2-2 – Measured Refractive Index of Bulk Lithium Niobate (single crystal 
unprocessed wafer) 





450 nm 2.4786 2.2461 
633 nm 2.2873  2.2024 
975 nm 2.2584 2.2113 





450 nm 2.4766  
633 nm 2.2866 2.2023 
We measured several times across multiple wavelengths to check the 
accuracy of the measurement, and found that generally the refractive index 
differed by a maximum of ±0.01 (generally repeated measurements produced the 
same result). Table 2-2 above shows the values averaged at difference locations. 
We then plot these in Figure 2-10 and compare them to reference values, taken 
from [5]. As expected, the refractive index decreases with wavelength, and in 
general the difference between the measured results and reference results is quite 
small, especially in the telecommunication wavelength range. There will be some 
differences due to growth inconsistencies and wafer quality, however minor 





Figure 2-10 – Dispersion Relationship of bulk single crystal lithium niobate 
 Samples with diffused titanium were also measured, with the diffusion 
parameters as listed in the “Fabrication” column of the table. The parameters 
given correspond to the temperature of diffusion (e.g. 1020°C), the length of 
diffusion (e.g. 10 hours) and the thickness of titanium (e.g. 40 nm) deposited on 
top of the diffused region. The results show the increase in the ordinary and extra-
ordinary refractive index, as well as the measured thickness of the diffused region. 




Table 2-3 - Measured Index Increase after Titanium Diffusion of Bulk Lithium 
Niobate (processed with parameters) 












Δ𝑛𝑜 = 0.0028 
𝑡 = 5.5625 
2.2078 
Δ𝑛𝑒 = 0.0054 
𝑡 = 4.4476 








Δ𝑛𝑜 = 0.0049 
𝑡 = 4.8911 
2.2126 
Δ𝑛𝑒 = 0.0102 
𝑡 = 3.563 
1539 2.2126 
Δ𝑛𝑜 = 0.0014 
𝑡 = 1.3294 
2.1431 
Δ𝑛𝑒 = 0.0031 
𝑡 = 7.7667 








Δ𝑛𝑜 = 0.00375 
𝑡 = 5.4539 
2.2141 
Δ𝑛𝑒 = 0.0117 
𝑡 = 4.0963 
1539 2.2134 
Δ𝑛𝑜 = 0.0022 
𝑡 = 5.8544 
2.1446 
Δ𝑛𝑒 = 0.0046 
𝑡 = 2.2805 
Across the board, the index increase is quite small, ranging from 0.0022 
up to 0.0102, which agrees with other literature results [6]. Index change in the 
extraordinary index is generally larger than that of the ordinary axis. 
2.6 Mode Analysis 
Now that we know the depth and index of these waveguides, we can chacterize 
the modes within the waveguides. An IR camera (Xeva Xenics SWIR CCD) is 
used to image the output port of the waveguide. To get a magnified view, we used 
a 100X Mitutoyo NIR objective lens. A 1550 nm laser emitting 5 dBm of power 
is coupled into a lensed fiber to focus light on the input side. The end facet is then 







Figure 2-11 – End facet image of (a) TM and (b) TE polarizations in the titanium 
diffused lithium niobate waveguides for different waveguide widths. 
Notably, there is a lot of light in the substrate, and this is partially due to 
the lack of perfect coupling between the lensed fiber and the waveguide; we 
estimate the insertion loss at ~10 dB, and the light not successfully coupled into 
the waveguide can propagate in the substrate. Secondly, this could also be due to 
the low index contrast of the titanium diffused region, thus the optical 
confinement is low (as per (13) in Section 1.5), leading to propagating modes in 
the waveguide becoming radiation modes in the substrate. 
We can compare this to simulated TE and TM mode profiles, which are 
simulated in COMSOL, using the Mode Analysis tool, which solves the geometry 
for various shapes and provides the effective refractive index for each mode. We 
consider a Z-cut (extraordinary index in the vertical direction) titanium diffused 
lithium niobate of varying widths, to compare against the measurement results in 
Figure 2-11. By considering the electric field in the horizontal (x) and vertical (y) 
directions, we can separate TE or TM modes respectively. These simulation 
results for |𝐸𝑥| and |𝐸𝑦| are presented in Figure 2-11 and Figure 2-12.  
Substrate 10 µm 
4 µm 6 µm 8 µm 10 µm 
Substrate 10 µm 










Figure 2-12 – Electric field, |𝑬𝒙|, profiles for the first three TE modes. The black 
outline shows the waveguide. The width is stated. The color spectrum is normalized 
to the maximum of each mode profile. The calculated effective index is shown in 
parenthesis for each diagram. 
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Figure 2-13 – Electric field, |𝑬𝒚|, profiles for the first three TM modes. As before, 
the waveguide is outlined in black, and the color spectrum is normalized to the 
maximum of each mode profile. The calculated effective index is shown in 
parenthesis for each diagram. The TM modes have lower effective index due to the 
birefringence of lithium niobate. 
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𝟒 𝝁𝒎 
𝐓𝐌𝟐 (𝟐. 𝟏𝟑𝟑𝟓𝟎𝟗) 
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 Notably, the effective indices for the TM (polarization along the vertical 
direction) are significantly lower, and this is due to the extraordinary direction 
being vertical. Secondly, only the fundamental TE and TM mode are well 
confined to the diffused region, in fact higher order modes are barely supported. 
This contributes to a large substrate radiation, and this can be seen in Figure 2-11. 
Only the fundamental mode is well confined within the geometry, and this is due 
to the low index contrast obtained via the titanium diffusion process. 
2.7 Resonator Fabrication Process: Electron-Beam 
Lithography and Ion Milling Optimization  
2.7.1 Transition to Etched Rib/Ridge Waveguides 
As previously mentioned in Section 1.7, bending loss is related to the index 
contrast of the waveguiding region, with the equation being 𝑅𝑚 ≅ 5Δ𝑛
−1.5𝜇𝑚. 
Since we can obtain an index contrast of Δ𝑛 = 0.01 at maximum, this means that 
we need a ring radius of 5 mm to have negligible bending loss. If we are 
fabricating a racetrack resonator (Figure 2-11 below), this will cause the device to 
be exceptionally large. So instead, we decide to employ ion milling to etch a rib 
waveguide, to further increase the index contrast between the waveguiding region 




Figure 2-14 – Racetrack resonator, l is the length of the coupling region, r is the 
radius of the bending region, and g is the separation between the coupling 
waveguide and the racetrack resonator. 
 We used a racetrack resonator structure instead of a microring resonator. 
This is to increase the interaction length, making it easier to achieve critical 
coupling with a larger separation between the waveguides [7]. Due to the 
relatively low index contrast achieved by titanium diffusion, a smaller bending 
radius can, to some extent, be compensated with a wider waveguide width [8]. We 
can further compensate the low index contrast by etching a rib waveguide instead.  
The subsequent sections explain the fabrication process. 
2.7.2 Electron-Beam Lithography Optimization Process 
After demonstrating straight waveguides with titanium diffusion, we planned to 
use a different technique to fabricate microring resonators and subsequent 
devices. Electron-beam lithography (EBL) uses electrons to expose the resist 
instead of photons. Electrons are generated using a field emission filament and 
subsequently accelerated towards the sample. Deflection plates are used to deflect 
the path of the accelerated electron onto the sample, allowing patterning. Since 
electrons have a much smaller wavelength than UV photons, they can achieve 
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significantly higher resolution (usually on the scale of tens of nanometers for 
EBL, versus hundreds of nanometers for UV photolithography).  
 However, these deflection plates can only deflect the electrons so far. In 
an EBL machine, this is specified as the maximum write-field, and generally 
ranges from 250 µm to 1 mm. To write larger than the write-field, a motorized 
stage is used. The EBL machine therefore divides a large pattern into distinct 
write-fields, exposes the patterns on each write field, then uses the motorized 
stage to move to the subsequent write-field, exposes the subsequent patterns and 
so on. While within each write field the patterns can be well aligned, this strategy 
has the unintended consequence of having “stitching errors” between each write-
field. This is because the motorized stage may have limited accuracy (especially 
compared to the deflection plates) and the motorized stage may not be well 
aligned to the beam deflection. Such a stitching error is shown below (the breaks 
in-between the patterns), where a write-field of 1mm is used, but the pattern 
stretches across several writefields. 
 
Figure 2-15 – Exposed and developed resist showing an example of a typical 
stitching error present in large patterns (write field of 1 mm). 
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As our waveguides span larger than the maximum write field (and indeed 
larger than any write field available in a commercial EBL), waveguides written 
will be subject to stitching errors. This error will incur scattering loss at every 
junction. However, Raith has developed a method called fixed-beam moving-
stage (FBMS) [9] to allow the writing of long lines without write field stitching 
error. The idea is that a circular beam is created by the pattern generator, then the 
stage is moved instead, creating the patterns. This scheme is illustrated in Figure 
2-16. 
As a result, a centimeter long waveguide can be patterned without any 
stitching error. Additionally, since the stage uses a laser interferometer to derive 
the position, the accuracy of these patterns can be down to the nanometer level. 
The picture below shows an example of this, that we are able to place two 
waveguides very close to each other with little misalignment, although the stage 
has moved centimeters between each exposure. However, to demonstrate the 
circular beam exposure pattern, we deliberately used very low dose (resulting in 
high speed), which has exposed a circle generator pattern. 
 





Figure 2-17 – FBMS patterning using fast stage movement to show the circular 
beam deflection. 
We found that by using ma-N 2403 negative resist (300 nm resist 
thickness), at 20 kV, we can achieve good patterns with at least 80 µC/cm2, with 
slightly higher dosages (typically 100 to 130 µC/cm2) producing the best patterns. 
Above 150 µC/cm2, the patterned region tends to be overexposed and widens too 
much, meaning that closely packed structures cannot be patterned. Our full 
fabrication process and parameters will be described in the following section. 
 
Figure 2-18 – EBL Dosage Calibration for Microring Resonator using ma-N 2403. 
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2.7.3 Ion milling Optimization 
EBL only patterns the e-beam resist. To transfer the pattern onto the sample, we 
used argon ion milling. Ion milling uses an RF field to ionize an inert gas (argon 
in this case). The argons ion are subsequently accelerated towards the sample, and 
physically sputter off material from the sample. Figure 2-19 below shows a 
schematic of the ion milling operation performed in our ion milling system 
(INTLVAC, Nanoquest I-LL). 
 
 
Figure 2-19 – Schematic of ion milling. (a) shows the process, from the generation of 
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The ion milling process is depicted in Figure 2-19 (a). It starts from the 
right-most side, with argon being injected into the system at 15 sccm. The argon 
is ionized by an RF field, and subsequently accelerated towards the sample via the 
accelerator grid, which produces a collimated and uniform ion beam. Near the 
output of the accelerator grid is the LFN filament, which stands for low frequency 
neutralizer filament, and this component neutralizes the argon ions. It is 
preferable to strike the sample with neutralized argon, to avoid charge 
accumulation on the sample. Figure 2-19 (b) shows what is happening on an 
atomic level: the argon physically sputters away the exposed part of the sample. 
Because of the atomic scale of the ion milling process, it is able to produce very 
small features, and it is able to etch all kinds of substrates. Careful choice of the 
parameters such as acceleration voltage, stage angle, etc. can provide uniform and 
systematic etching of samples. 
Previously, we have experimented with inductively coupled plasma (ICP) 
etching, however this produced highly rough sidewalls, leading to high 
propagation losses. The conclusion was that a lot of the roughness was due to 
redeposition of lithium fluoride (LiF), a byproduct of SF6 reacting with the 
LiNbO3 [10]. This is demonstrated in Figure 2-20. The redeposited LiF is highly 
resistant to further etching and therefore causes sidewall roughness. However, the 
argon milling process seems to be much smoother as the process is purely 
physical sputtering, however it cannot achieve the same degree of anisotropy as 




Figure 2-20 – Etched Lithium Niobate Comparison. 
The figure on the right shows a sidewall etched by ICP, whereas the figure 
on the left shows a sidewall etched via ion milling. The redeposition can be 
clearly shown from this comparison, and this is what led us to switch from ICP 
etching to ion milling. However, this effect may be process and machine 
dependent. Notably, the ion milling produces a clearly visible angle, compared to 
the highly anisotropic etching of ICP. 
The following parameters were used to obtain smooth sidewalls:  
Parameter Value 
Beam Current 110 mA 
Beam Voltage 300 V 
Acceleration Voltage 45 V 
RF Power 170 W 
Argon Flow Rate 15 sccm 
Sample Angle 7° 
Chamber Pressure 0.4 mTorr 
 We found that a fairly low power process produces smooth sidewalls. The 
beam current, voltage and acceleration voltage are inter-dependent due to the 
design of the ion optics (KRI, RFICP 140 Ion Source), where the acceleration 
voltage and beam current should be a function of the beam voltage. We therefore 
tried etching at various beam voltages, and found that below 300V, while etching 
quality did not improve (checked with SEM and propagation loss), the etching 
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rate decreased rapidly. The RF power is fixed, however we chose the argon flow 
rate to be the minimum required to sustain a stable ignited plasma (ignition is 
typically done at 25 sccm). The chamber pressure is therefore a function of the 
argon flow rate, as we did not change the turbo-pump rotational speed. 
Additionally, we also angled the beam slightly off-center to prevent channeling 
into the crystal sample [11]. Our ion milling operation produced the following 
results (Figure 2-21).  
We performed an atomic force microscopy (AFM) on the etched rib in our 
titanium diffused waveguides. This showed the waveguide (including titanium) to 
be approximately 450 nm in height. However, the AFM we were using (Veeco 
Bruker Innova SPM) has limited accuracy when measuring large step heights. 
Surface profiling reveals that the height is actually 700 nm (which is confirmed 
later by SEM images). 
 





Figure 2-22 – Roughness measurements of etched surface. 
We also measured roughness on the etched surfaces (surfaces unprotected 
by the resist mask). An example image is shown above. Roughness measurements 
over several areas indicate that the roughness 𝑅𝑎 < 0.4 𝑛𝑚, which is well under 
reported values from literature of 4 nm [12]. Unfortunately, we were not able to 
measure the roughness of the sidewall due to the sidewall being relatively steep. 
 
Figure 2-23 – Scanning electron microscopy images of the waveguides.  
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A thin layer of gold was coated on to the samples to prevent charging. We 
then used scanning electron microscopy (SEM) to image the samples. One can 
clearly see the incurred angle here, however the waveguides appear to be fairly 
smooth. 
2.7.4 Titanium Diffusion 
We then diffused the waveguides at 1000 °C for 10 hours, using the same process 
as previously described in Section 2.3. Following diffusion, we diced the 
waveguides, and this enables us to view the cross-section of the rib waveguides. 
The samples were mounted at an angle and imaged by SEM. The images are 
shown in Figure 2-24. 
We can clearly see here that diffusion has not affected the shape of the 
waveguide. Over multiple samples, we measured the angle to be approximately 
31° ± 0.5°, and a height of approximately 680 nm ± 10 nm (compared to our 
target of 700 nm). The top width of the waveguides is 3.4 µm and the bottom 
width is 5.4 µm. This corresponds to an etching rate of 18 nm per min. 
 
Figure 2-24 – SEM Images of rib waveguides post diffusion. (a) shows a zoomed out 





Figure 2-25 – Close up SEM showing the end facet of our waveguide. A thin layer of 
gold can be seen, which was deposited to prevent charging while imaging the 
sample. 
So far, we have noted that a longer etching time induced a shallower 
angle, as when we milled for 30 min instead of 45 min, we obtain an angle of 
approximately 22.5° ± 0.5° (height of 365 nm, corresponding etching rate of 16.5 
nm per minute). This is because of the etched material is sputtered away from the 
etched surface and builds up on the sidewalls, slowing down the etching near the 
mask, creating a shallower angle for longer etching durations. However, this 
waveguide should have no problem guiding light. Our sidewalls are smoother and 
etching depth is deeper. 
2.8 Titanium Diffused Rib Microring Resonator 
As previously mentioned, we finally fabricated titanium diffused rib racetrack 




Figure 2-26 – Structure of the titanium diffused rib waveguide. 
From Table 2-3, the diffusion depth is around 5 µm, however the rib 
height is around 700 nm, therefore “rib height” is 700 nm whereas the diffused 
height is 4.3 µm. 
            
 
Figure 2-27 – Top: Microring resonator schematic and dimensions. Bottom: 





Our ring resonator radius is 3 mm with a racetrack length of 2 mm. The 
waveguide width is 5 µm, and the gap is 2 µm. The ring radius is large to reduce 
the amount of bending loss. The full fabrication process is as follows: 
1. 3” lithium niobate wafers were diced into 1.2 by 2 cm samples. 
2. The samples were cleaned with acetone, isopropyl alcohol (IPA) and 
deionized (DI) water inside an ultrasonic bath. Directly after, 80 nm of 
titanium was deposited via electron beam deposition.  
3. Negative photoresist (ma-N 2405) was spin coated onto each sample at 
6,000 rpm for 45 seconds to produce a layer of resist roughly 250 nm 
thick. 
4. Electron beam lithography was used to expose the required pattern. FBMS 
(fixed beam moving stage) was used.  
5. Development was done in maD 525 for 2 minutes. This revealed the 
racetrack pattern, as shown in (1). 
6. Ion-milling was used to transfer the photoresist pattern onto the deposited 
titanium. The ion milling parameters are: beam current 110 mA, RF power 
170 W, etching time 45 minutes. The etching rate was approximately 17 
nm per minute, but a slightly longer etching time was used to completely 
deplete any residual titanium. This is shown in (2). 
7. Photoresist was removed via submersion in acetone, IPA and DI water, 
and subsequently ozone stripped. 
8. The samples were diffused at 1000°C for 10 hrs. This is shown in (3). 
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9. Finally, the samples were diced at the appropriate distance to produce 
optically smooth edges. 
These optimized parameters produced good patterns and also successfully 
reduced the residual oxide film.  
 
Figure 2-28 – Microscope images of diffused waveguides. 
The waveguide width is 5 µm, this was slightly reduced to 4.5 µm post 
diffusion. Using the same setup as before, we were able to achieve guiding. 
Figure 2-29 shows the waveguides illuminated when we coupled in a broadband 
supercontinuum source. 
 
Figure 2-29 – (a) The input facet of the waveguide. (b) The start of the ring 
resonator. Light is propagating from left to right. 
(a) (b) 
200 µm 100 µm 
62 
 
Although we are using a supercontinuum source, as the picture is captured 
with a CMOS camera with an IR filter, we are only seen the visible range in the 
figure above. The input laser intensity is approximately 150 mW, with 
approximately 10 mW falling within the visible range. Laser light is focused onto 
the input, forming a spot size of approximately 8 µm. There is a larger spot seen 
at the input facet; this is due to reflections and scattering at the interface. Some of 
this light couples into the adjacent waveguide below, which also shows some 
illumination. The primary waveguide is clearly seen and propagates with 
relatively low loss (based on visual evidence). 
One thing that is apparent is that the loss post-coupling length is high, and 
the bending loss is also extraordinarily high. We had to alter our measurement 
setup to probe the microring resonator FSR, as this required significantly higher 
resolution. From the ring length, we expected the FSR to be 0.049 nm. We used 
an Agilent 81940A tunable laser with an Agilent 81636B power sensor, as shown 
in Figure 2-31. 
 
Figure 2-30 – (a) Image after the coupling length. (b) Output facet. 
(a) (b) 




Figure 2-31 – Optical setup using lensed fibers and tunable lasers. 
 
Figure 2-32 – Fiber coupled light with (a) and without (b) external illumination. 
The Agilent 81980A tunable laser had a linewidth of 0.000801 pm (100 
KHz), and a wavelength resolution of 1 pm (125 MHz), but a wavelength 
accuracy of ± 5 pm. These values are an order of magnitude smaller than our 
expected FSR, which should allow us to probe the FSR with reasonable accuracy. 
The FSR measurements have proven to be very problematic. This is because the 
alignments of the lensed fibers to the waveguide edges are absolutely critical. A 
misalignment of several hundred nanometers would be sufficient to change the 
edge coupling efficiency by a huge degree. There are a lot of inherent sources of 
noise that affect the measurements, such as mechanical vibrations, acoustic noise 
and alignment drift over time.  
(a) (b) 




Figure 2-33 – (a) wide (1 pm nominal resolution) transmission spectrum. (b) zoomed 
in view, showing a FSR of 0.030 nm with a fitted sine wave. (c) waveguide at the 
input end. (d) the microring resonator section showing waveguiding. 
Figure 2-33 (a) shows the transmission spectrum, measured using 1 pm 
resolution. There also appears to be some larger resonance in the structure, the 
reason for which could not be identified. When we zoom in (b) it appears there is 




100 µm 100 µm 
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MATLAB to fit a sine wave in (b), and this gives us a FSR of 30 pm. We can 
compare it to the theoretical result using an effective index as found in Section 
2.6. 
𝐹𝑆𝑅𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = 0.030 𝑛𝑚 ± 0.005 𝑛𝑚
∗  
𝐹𝑆𝑅𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 0.047 𝑛𝑚
∗∗ 
* Wavelength accuracy error from specification of laser 
** Using 𝑛𝑒𝑓𝑓 = 2.211 from Figure 2-13, 𝑙 = 22.85 𝑚𝑚 
Unfortunately the data is quite noisy, and this is likely due to the laser not 
being able to address 1 pm exactly. While the experimental data is within the 
same order of magnitude as the calculated FSR, we suspect the mismatch is due to 
some defect along the long resonator track. Without the rib formation, we would 
expect high bending loss, however with our ribs, there is an improvement in the 
confinement of the resonator compared to a purely diffused waveguide. With our 
calibrated ion milling as a rib forming mechanism, the ribs provide good 
confinement, negating the bending loss almost completely. The main 
disadvantage of argon milling is the somewhat isotropic etching achieved; the 
sidewalls are not very vertical [13]. A non-vertical sidewall’s main disadvantage 
is the propagating modes in the waveguide may not be well confined: vertical 
sidewalls allow waveguides with better mode profiles and reduced insertion loss. 
The total ion milling etching time is 45 minutes. Since the etching rate of 
titanium takes approximately 8 minutes, 37 minutes was spent etching lithium 
niobate. Since we expect the argon milling rate to be around 15-20 nm per minute, 
we expected somewhere around 600 to 700 nm deep ribs. Secondly, the diffusion 
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parameters were reduced to 1000°C for 9 hours. This was done to minimize the 
titanium depth and reduce the reshaping of the ribs under high temperature. 
2.9 Transmission Images 
Figure 2-34 shows the resonator with a supercontinuum source (SuperK Versa, 
NKT Photonics) coupled into the waveguide. We can see light propagating 
through the microring resonator, although the intensity seems to deteriorate 
significantly as it propagated. 
    
 
Figure 2-34 – Propagation of light through the microring resonator. Light input 
from left to right. 
We input light at the straight waveguide on the left side. The exposure and 
gain of the microscope is constant so that the image properly reflects light from 
the waveguide. There is noticeable loss in the waveguide as the top section of the 
ring resonator is not well lit. However, past the top the waveguide brightens 
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again. We suspect this is due to reflections that cause some light to propagate in 
the clockwise direction. 
Large microring resonators provide high confinement and small free 
spectral range. When sufficiently large, both microwave and optical photons can 
be confined by the structure, allowing microwave-optical coupling [14]. Lithium 
niobate is an ideal candidate as it has high electro-optic and nonlinear 
coefficients. Electro-optic modulation of microring resonators allows dynamic 
and real-time tuning of the free-spectral range of the microring, making such a 
device useful for microwave photonics and quantum optics applications. We 
fabricate and characterize microring resonators in titanium diffused lithium 
niobate.  
2.10 Conclusion 
In conclusion, we detail a microring resonator on titanium diffused LiNbO3. High 
Q-factor resonators are aimed for to provide sufficient confinement required for 
the observation of nonlinear microwave-optical interaction, which enables many 
applications in microwave photonics. 
Since the current technology is diffusion-based, but it does not cost much 
more to add an intermediate etching step, which improves the performance by 
decreasing the bending loss (as demonstrated by the devices). However, the 
footprint is very large, as it requires bends in the millimeter range. As a result, in 
the next chapter we explore a different type of substrate that potentially can 
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 | Microring Resonators in Lithium Niobate on 
Insulator 
3.1 Introduction: Lithium Niobate on Insulator 
To create waveguides in LiNbO3, refractive index guiding is used. However, the 
two most common fabrication techniques to increase the refractive index in 
LiNbO3, titanium diffusion and proton exchange, have a very small associated 
refractive index increase [1]. This prevents compact structures due to prohibitive 
bending losses. Lithium Niobate on Insulator (LNOI) is a wafer processing 
technology developed to overcome these weaknesses [2]. It involves crystal ion 
slicing a thin film of LiNbO3 and bonding it onto a host substrate (in our case, 2 
µm of SiO2 grown on LiNbO3). This provides a high index contract vertically, and 
subsequently horizontal index contrast is provided via etching the LiNbO3 thin 
film. This allows compact photonic devices to be fabricated on LNOI substrates.  
 
Figure 3-1 – Fabrication Process for LNOI. 
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LNOI wafers are fabricated as follows (depicted in the figure above) [3]: 
(a) The first lithium niobate wafer is ion implanted at a specific depth, by 
controlling the energy of the accelerated ion (typically helium). Generally the 
implantation depth is around 1 µm. (b) On a host wafer (lithium niobate) a thick 
film of an insulator material (for example silicon dioxide) is deposited. If needed, 
an electrode (such as platinum or gold) can be deposited first. The refractive index 
of the insulator is much lower than that of lithium niobate. (c) The first wafer is 
turned upside down and wafer bonded (under heat) to the second wafer. (d) The 
wafer is cracked at the weak point created due to the ion implantation. 
Subsequently, the remaining wafer is surface polished to a high quality. 
For LNOI wafers, by etching the top thin film of lithium niobate, we can 
achieve high index contrast in both horizontal and vertical directions. This allows 
us to fabricate compact devices. 
3.2 Microring Resonator in Lithium Niobate on Insulator 
3.2.1  LNOI Microring Resonators: Introduction 
We chose microring resonators as our first devices, as they benefit from the 
higher index contrast to reduce bending loss, as compared to the titanium diffused 
case. Microring resonators are also very useful optical structures, due to their 
small size and wavelength selectivity [4]. They are able to provide many photonic 
functions such as optical delay lines, add-drop filters [5] and photonic sensors [6]. 
While fairly common in other materials such as silicon [4] and GaAs [7], 
microring resonators in lithium niobate  are more difficult to fabricate due to the 
difficulty of working with lithium niobate [8].  
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3.2.2 Wafer Configuration and Fabricated Device 
 
Figure 3-2 – The layout of the device. (a) Top portion, comprising a top metal 
electrode of 120 nm, a PMMA insulation layer of 500nm and the 700 nm LiNbO3 
thin film. (b) Bottom SiO2 insulator which is 1.8 µm thick; (c) Bottom metal 
electrode which is 200 nm thick; (d) LiNbO3 substrate. 
The devices we fabricated show good performance and the electro-optic 
properties have not been destroyed by the fabrication process. Because the 
waveguides and microrings are fabricated monolithically, they have potential as 
commercial integrated photonic devices such as filters, modulators and sensors 
[9]. However, due to the sidewall roughness, optical propagation losses are 
currently fairly high; there is still much room for improvement before 
commercialization as a viable alternative to current solutions [10]. 
These wafers were obtained from NANOLN who provided a z-cut LNOI 
wafer: 700 nm of thin film LiNbO3 bonded to 1.8 µm of SiO2 on top of a 200 nm 
thick platinum electrode layer, finally bonded to a LiNbO3 host substrate. The 
microring resonators are patterned on the 700 nm thin film layer.  
The waveguide and microring width are 4 µm in width, and the microring 
radius is 50 µm. Light is coupled into the microrings via the waveguides. The 
gaps are designated to be 200 nm, however due to misalignment, the actual gaps 
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may sometimes drift by up to 50 nm. The full layout of the device is shown in the 
Figure 3-2.  
3.2.3 Design and Simulation of Rib Microring Resonators 
While we would like to minimize the rib height and thereby minimize scattering 
loss from the sidewalls, a low rib height cannot guide light around a bend. To do 
this, we can simulate the loss of the waveguide as it bends, by measuring the flux 
at the end of a 90° bend with a turning radius of 50 µm. We created a 3D finite-
difference time-domain (FDTD) simulation using MIT Electromagnetic Equation 
Propagation software (henceforth, MEEP) [11]. Electromagnetic simulations 
using the FDTD approach discretize space and compute Maxwell’s equations for 
a discrete time step. As the discretization becomes smaller, the results of the 
simulation more closely approximate reality. MEEP in particular is used because 
it is a free software under an open source license (GNU General Public License), 
has a wide range of features and is very flexible due to its programming language 
(Scheme) interface.  
The size of our 3D simulation is 120 µm × 55 µm × 5 µm, and we pad the 
insides of the 3D box with a perfectly matched layer (PML) [12] of 1 µm 
thickness. The PML implements an absorbing boundary condition without 
reflections at the interface, and we have found that a PML of 1 µm is sufficiently 
thick. We then define a straight rib waveguide of 4 µm width which travels for 80 
µm, before the waveguide meets the bend. We define a narrow width Gaussian 
pulse with a peak at 1600 nm as the source at the left side of the straight 
waveguide, and the collected the light at the end of the 90° bend. For simulation 
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accuracy, we used a resolution of 100 nm, over 10 times smaller than our 
wavelength of 1600 nm, which provided around 40 points in our 4 µm waveguide. 
We made a script to sweep the rib height parameter, and the total simulation takes 
only a few days to complete. 
In Figure 3-4, (a) shows the 3D FDTD results of the flux measured after a 
90° bend of a 50-µm radius ring, normalized against the flux of a 700-nm rib 
height. From the figure, we chose the rib height to be 300 nm as this provided a 
fairly reasonable trade-off between bending loss and propagation loss, as it is at 
the knee of the curve. (b) and (c) show a 2D slice of the simulation, showing the 
wave front as it propagates. 
 
Figure 3-3 – (a) Rib Height vs Flux. (b) and (c) shows the wave front of the Z-field 
(coming out of the page). (b) shows the waveguide with a rib height of not confining 
light through the bend, and (c) shows the waveguide with a rib height of 300 nm 
confining most of the light past the bend.  
(b) Rib Height = 100 nm (c) Rib Height = 300 nm 




Figure 3-4 – Mode Profile of the Fundamental TE and TM modes, and their 
respective effective indices. 
For visualization purposes, (b) and (c) show the wave front of a 
continuous wave (as it is easier to visualize compared to a pulse), but for 
calculation purposes a Gaussian pulse is used to ensure the same amount of 
optical power is injected for all cases. 
Notably, for (b) Rib Height = 100 nm, while the waveguide is able to 
guide light while straight, most of the light escapes as soon as the bend starts, 
however by (c) Rib Height = 300 nm, most of the light is contained within the 
waveguide. 
The simulated profile of the fundamental TE and TM modes in the rib 
waveguide structure are shown in the figure above, using the very convenient 
mode solver algorithm from [13]. In this case, the upper cladding is air, and the 
lower cladding is SiO2. Using the refractive index of lithium niobate as 2.1361 at 
1600-nm wavelength, we obtain the effective index of the TM mode as 1.902. 
We can confirm these results via COMSOL Multiphysics, parameter 
sweeping the width and observing the first few modes for both TE and TM 
polarization for a rib height of 300 nm (as chosen from Figure 3-3), as shown in 
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Figure 3-5. The effective index starts to decrease as the waveguide width 
decreases, and this is because more of the field exists outside the rib itself, and in 
the air above or insulator below, and this indicates the waveguide is no longer 
confining the light. 
 
Figure 3-5 – The effect of waveguide width on the effective index. These results are 
extracted from simulations done in COMSOL Multiphysics. 
 The effective indices of the TM mode are generally lower, and this is due 
to the birefringence of the Z-cut lithium niobate used. For the smaller width, some 
of the higher order modes are no longer supported, i.e. these modes are not guided 
by the rib region. For example, the mode profile for the TE1 mode is shown as we 
reduce the width from 2 µm to 1 µm, in Figure 3-6. At Width = 1 µm, the electric 
field profile is no longer in the rib region, and it is unlikely this mode can exist 




Figure 3-6 – Electric field, |𝑬𝒙|, profile of the TE1 mode when the width is reduced 
from 2 µm to 1 µm. When the waveguide width is 1 µm, the mode is not confined to 
the rib region. 
We have chosen 4 µm as our width because the fundamental mode is 
strongly supported for both TE and TM polarization, however the higher order 
mode can still propagate albeit with higher loss. The TE and TM modes for 4 µm 
width and 300 nm height are shown below in Figure 3-7. The fundamental modes 
agree with the mode profiles calculated using the mode solver from [13]. 
 
Figure 3-7 – Mode profiles for 4 µm width and 300 nm rib height waveguides. 
3.3 LNOI Microring Device Fabrication 
The fabrication of the device is shown in the Figure 3-8. A 3-inch Z-cut LNOI 
wafer was first diced into 1.2 cm by 1 cm samples, with the long side 
corresponding to the crystal Y direction. 
Width=2 µm Width=1.5 µm Width=1 µm 
𝐓𝐄𝟎 (𝟐. 𝟎𝟓𝟕) 
𝐓𝐌𝟎 (𝟏. 𝟗𝟏𝟕) 
𝐓𝐄𝟏 (𝟐. 𝟎𝟑𝟒) 
𝐓𝐌𝟏 (𝟏. 𝟖𝟗𝟔) 
𝐓𝐄𝟐 (𝟏. 𝟗𝟐𝟎) 




Figure 3-8 – LNOI Microring Device Fabrication. 
(a) After cleaning the sample using acetone, IPA and DI water, 60 nm 
chromium was deposited via electron beam deposition. This was done to provide 
a conduction layer to reduce charging in the EBL machine and also to double as a 
hard mask for the etching process. (b) Subsequently, negative resist (maN-2403) 
was spin-coated at 6,000 rpm for 45 s. This produced a resist thickness of 220 to 
250 nm, measured by a surface profiler. The resist was baked at 90 °C for 90 s. 
The resist was then patterned using a Raith eLINE Plus EBL at 20 kV and 120 
µC/cm2 dosage. As previously mentioned in Section 2.5, we used a fixed beam 
moving stage (FBMS) exposure method [14] to produce long (<1 cm) waveguides 




Figure 3-9 – Post Development Microscope Image. 
After development in ma-D 525 for 2 min, the pattern emerges. As seen in 
Figure 3-9, careful control of the dosage and process allow sub-micron gaps to be 
patterned. The resist was reflowed at 130°C for 5 min to improve the sidewall 
roughness [15]. The reflow also serves as a post-bake. The samples were dipped 
in chromium etchant for 1 minute to remove the exposed chromium. This process 
creates a hard mask of around 250 nm of resist and 60 nm of chromium. (d) To 
etch the ribs, we used ion milling. The samples are etched using argon ion milling 
at 300 V, with a beam current of 110 mA. The angle chosen was 7° off 
perpendicular to reduce the channeling of argon ions into the substrate [16]. The 
chosen parameters resulted in a milling rate of slightly below 15 nm per min. 
After etching for 22 min, we measured, using a surface profiler, that 300 nm of 
lithium niobate was etched off. As previously stated, the etching is not completely 
anisotropic due to redeposition and other factors. As a result the sidewalls have an 
angle of around ~30°.  
In the final step, (e), the remaining resist is then stripped using acetone, 
mr-Rem 600 (a propriety resist remover by Micro Resist Technologies for ma-N 
2400 series resist), and IPA, and subsequently the underlying chromium is 
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removed by chromium etchant (derived from nitric acid). The sample is 
subsequently coated with PMMA 950K and baked on a hotplate. The thickness is 
around 500 nm. The PMMA acts as an insulator for the electrodes. Subsequently, 
we deposited a top electrode (120 nm of copper and 5 nm of tantalum), as per 
Figure 3-2. The tantalum improves the adhesion of copper to the insulator layer. 
The edge of the samples are etched through to the SiO2 layer using ion milling 
and subsequently submerged in hydrofluoric acid to allow our probes to make 
contact with the bottom electrode. 
3.4 Optical Measurement and Results 
3.4.1 Optical Setup 
For the measurements, light is coupled into the waveguide via the use of lensed 
fibers. We used a tunable laser (81940A Compact Tunable Laser Source,  
Agilent) at NIR wavelengths (1550 nm), and passed the light a polarization 
controller and subsequently into a lensed fiber. As we are using Z-cut LNOI, the 
TM mode is more important to access the r33 coefficient, and as such, the 
polarization controller is set to output TM. The lensed fiber is aligned to the 
waveguide edge. Two probes are connected to a voltage source. The setup is 
shown in Figure 3-10. 
The lensed fibers on both sides are manually aligned to the waveguide via 
a microscope, and further tuning is done while monitoring the power output on 
the power sensor, as shown in the figure below (Figure 3-11). There are two 




Figure 3-10 – Measurement Setup: (a) schematic outline, (b) actual photo of 
configuration. 
 
Figure 3-11 – The lensed fiber is aligned via the microscope first. After both lensed 





3.4.2 IR Images and Results 
 
Figure 3-12 – IR camera image of the device, with the exposure time of each picture 
in parenthesis. 
An IR image (captured using a Xeva Xenics SWIR CCD camera) of a 
lighted microring resonator is shown below in Figure 3-12, which has 1550 nm 
light from the tunable laser coupled into the waveguide.. This image is taken prior 
to top electrode deposition. Noticeably, a majority of the light captured via the IR 
camera is along the sidewalls, which is in line with our understanding that the 
majority of the loss is associated with scattering due to sidewall roughness. 
We also imaged the exit of the waveguide, for both polarizations. To give 
a better image, we used both a low exposure time (10 µs) and a higher exposure 





Figure 3-13 – Exit of the waveguide for TM (a,b) and TE (c,d) polarizations, under 
different exposure levels. 
Unfortunately, the waveguide’s vertical dimension is small compared to 
the wavelength (300 nm rib height, compared to 1550 nm wavelength), so the 
output port cannot be clearly imaged. However, the waveguide is clearly guiding 
light; slight misalignments totally extinguish the light in the waveguides. 













(a) TM, 10 µs (b) TM, 100 µs 
(c) TE, 10 µs (d) TE, 100 µs 
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Table 3-1 – Transmission Spectrum based on radius 
 
Before we deposited the top electrode, we measured the transmission of 
the microring resonators. We found that the intended resonance results are only 
clear in larger rings radii (i.e. 50 µm and above), and that above 5 µm waveguides 
do not have clear resonances, and we suspect this is due to the interference of 
multiple modes, which can be inferred from Figure 3-5. 
Zooming in on the results for 50 µm radius microring resonator, the results 
are shown in Figure 3-14, from 1600 nm to 1620 nm. Due to noise, some of the 
resonances are not clearly probed, however, the large resonances are shown to be 
3.2 nm apart. Also visible are slight resonances that match with the length of the 
sample: these are Fabry-Perot resonances that occur at the sample facets. In the 
figure, (a) shows the total range, and (b) probes the resonance at 1607 nm with 





Figure 3-14 – Transmission Spectrum of Microring Resonator. (a) shows the 
transmission over 20 nm, whereas (b) shows a zoomed in view on one of the 
resonance points. 
 From the transmission spectrum, the FSR is shown to be 3.2 nm, which is 
in line with our calculations. When we probe the resonance point at 1607 nm with 
a higher resolution, we obtain the graph (b). To calculate the full-width half-
maximum (FWHM) we used a Lorentzian Fit following the (20) below, where Γ 
corresponds to the FWHM. From the parameters we then obtain a FWHM of 0.57 
nm and a Q-factor of 2800. The finesse is 5.6, calculated by dividing the FSR by 
the FWHM (𝐹 = Δ𝜆/𝛿𝜆). This particular resonance shows a very high 





3.4.3 Electro-Optic Tuning 
To measure the electro-optic effect, we fabricate an insulation layer and then a 
metal top electrode. This affects effective index: the TM mode index increases 
85 
 
from 1.902 to 1.928, as calculated from the mode solver algorithm as previously 
described in Section 3.2.3. This increase is due to the top insulator layer having a 
higher refractive index than air. Subsequently, the coupling properties of the 
microring resonator, and thus the spectrum will be shifted. The top electrode also 
incurs some additional absorption losses due to a very slight overlap with the 
propagation mode. We then applied 0 to 200 V DC to the electrodes. As the 
electro-optic effect is quite small (in the pm/V range), a high voltage can make 
the effect more distinguishable. The shift occurs throughout the wavelength range 
that we sampled (1530 nm to 1630 nm). The particular high-Q resonance point we 
were looking at (1606.9 nm or the 372nd angular mode) has shifted to 1627 nm. 
Zooming in on that resonance, we applied Lorentzian fits to each of the voltage 
levels to find the minimum point (resonance point). We find the 0 V minimum at 
1626.8 nm and the 200 V minimum at 1626.37 nm, which gives a modulation of 
2.15 pm/V. In fact, each subsequent resonance point is almost exactly 107.5 pm 
apart, with the exception of the 50 V point. This is because the 50 V shape is 
distorted by noise, and thus the fitting is not so accurate. 
 




Figure 3-15shows the transmission spectra of wavelength shift due to 
applied voltage in the Z-direction. In the right hand side figure, the solid lines 
represent Lorentzian fits, and the markers represent the raw data. The resonance is 
shifted by -107.5 pm for each 50 V applied, starting at 1626.8 nm at 0 V, and 
ending at 1626.37 nm at 200 V. While this is quite low, we suspect that some of 
the processes, such as ion implantation and ion milling, may have damaged some 
of the electro-optic properties of the lithium niobate [17, 18]. Even at low 
energies the argon ions causes a thin layer of surface damage. 
The waveguide loss is estimated via optical images using the methodology 
described in [19]. This optical loss measurements use the scattered light collected 
by a NIR camera, through a 5x IR lens, after which the image brightness along the 
waveguide is digitized and fitted it into an exponential decay curve, thereby 
obtaining an estimated propagation loss of α=5.8 dB/cm.
 
Figure 3-16 – Optical imaging used to estimate loss, with the distance indicated in 
centimeters. The x-axis of in the graph directly corresponds to the horizontal scale 




Using the Fabry-Perot effect, we can also obtain an estimation for loss. 
Equation (21) describes a method where the ratio of the maximum to minimum 




We consider Fresnel reflectivity and therefore R is 0.13 for the TM mode. 
With a sample length of 5 mm, we obtain the ratio of Pmin/Pmax of (0.83) shown in 
Figure 3-13, and therefore α very close to 2 (1.978) cm-1, which corresponds to 
8.3 dB/cm. This is significantly higher than the loss obtained optically, and we 
suspect it is overestimated due to the fact that our waveguide facets are 
unpolished, and therefore have lower reflectivity than we expect. Additionally, 
due to the fairly low index of LiNbO3 (2.136 at 1600 nm), the Fresnel reflectivity 
method is much more sensitive to changes in the reflection at the facet. These 
losses are fairly low for an etched LiNbO3 waveguide, however the Q-factor 
achieved by the microring is further constrained by bending loss. 
 
Figure 3-17 – Measured Fabry_Perot resonances for loss estimation. The maxima 




3.5 Microring Optimization 
3.5.1 Further Optimization: Smoothing the End Facet 
Once we were able to obtain electro-optic tuning, the next step was to increase the 
performance of the microring resonators. Since we have proven that the resonator 
can sustain bends with 20 μm radii, we therefore move towards a larger radius, 
100 μm, to obtain even better results. We further optimized the etching 
parameters, including a short period of sidewall etching (using a low angle) to 
improve the roughness slightly. Additionally, we found that while the optimized 
dicing process can produce usable end-facets, it can be inconsistent. This is 
because the rib structure and multiple layers of thin film distort the crack 
direction. Figure 3-18 shows a good example of damage. 
Therefore, we used focused ion beam (FIB) to smoothen the edge for the 
purposes of measurement. In a commercial device, this step will be replaced 
instead with a tapering solution, as FIB is not commercially viable. However we 




Figure 3-18 – Damage on the end facet due to the rib structure and multiple layers 
of thin film when dicing the sample.Notably, only the thin film layers were damaged, 
the substrate cleaved nicely. 
In Figure 3-19, the end facet of the waveguide is smoothened using a FIB. 
This is done in France with the collaboration of Prof. Elhadj Dogheche and Dr. 
David Troadec. The LNOI structure is clearly visible, with a rib waveguide on top 
of an insulator (silicon dioxide, roughly 1.8 μm). The bright line between the 
insulator and the bulk lithium niobate is the electrode layer, which is 100 nm of 
platinum. The operation produces very smooth facets, even when the fastest FIB 





Figure 3-19 – Using FIB to smoothen the end facet of the waveguide. 
This FIB process allowed significantly more light into the waveguide, as 
shown by Figure 3-20. The left-hand side (a) images a microring with a polished 
end-facet, whereas (b) images the same device an unpolished end-facet. The 
picture on the right required significantly more exposure to see the lighted 








Figure 3-20 – (a) Microring resonator with FIB end facet, 1 ms exposure. (b) 
Microring without polished end-facet, 100 ms exposure time. 
3.5.2 Improving the Q-factor: Width and Resonance 
We have found that a generally smaller width gave clearer resonances. This is 
because of larger widths support multiple modes, which introduce multiple 
resonances that interfere with each other (as shown in Section 3.2.3). However, 
smaller waveguides have higher losses (which we will address in Chapter 4).  
 
Figure 3-21 – Fabricated arrays of microring resonators to improve the device 
performance. 
(a) (b) 
50 µm 50 µm 
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We can then vary the width, and measure the results. The data is presented 
in Table 3-2, for TE and TM modes. We also measured using 2 separate gaps 
(500 nm and 750 nm). The gaps tend to be less than the designed gaps, due to the 
isotropic nature of argon ion beam etching. This is shown in the figure below. For 
example, here, a 500 nm waveguide is widened and as a result the designed gap 
(~750 nm) is not so clear cut. However, the gap is still shallower than the 
waveguide, thus a resonance can sometimes still be measured. This additionally 
has an effect on the coupling, sometimes producing erroneous results. 
 
Figure 3-22 – 500 nm waveguide with 750 nm designed gap. Anisotropic etching 
makes the gap not so clear. 
Table 3-2 list the results for Z-cut waveguides propagating in the Y-
direction. In this case, there is no insulator layer on top. Tunable laser light 
(81940A Compact Tunable Laser Source, Agilent) is coupled into the waveguide 
via a lensed fiber, and tuned from 1530 nm to 1570 nm in steps of 10 pm. A 
paddle controller chooses the polarization (TE or TM). At the output a lensed 
fiber out-couples the light in the waveguide and is fed into a power detector. The 





Table 3-2 - Transmission Spectrum of TM Polarized Light 
Width 
(μm) 
Transmission spectrum, 750 
nm gap 

















Table 3-3 - Transmission Spectrum of TE Polarized Light 
Width 
(μm) 
Transmission spectrum, 750 
nm gap 

















 The first thing that is evident is that it is difficult to match the critical 
coupling condition to produce repeatable resonances. Additionally, larger 
waveguides typically don’t have clear separation between resonances. This is 
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likely due to over-coupling (i.e. the gap is smaller than that for critical coupling). 
Under-coupled microring resonators will have few or no resonances (similar to a 
straight waveguide). Notably, TE polarized light produced better resonances than 
TM polarized light.  
A highly confinement cavity is attainable for the TE mode, with a 1 μm 
width waveguide, and Q-factors ranging from 10,000 to 14,000, as shown in 
Figure 3-23. The modulation depth is more than 15 dB for almost every case, 
meaning that there is high coupling into the microring. The FSR is almost exactly 
1.67 nm (generally between 1.66 to 1.68 as determined by the Lorenztian fitting). 














Figure 3-24 – (a) showing the resonance at 1563.5 nm and (b) showing the resonance 
at 1566.8 nm. The FWHM is 110 pm and 108 pm respectively, and the 
corresponding finesse is 15.3 and 15.5. 
The Lorentzian fit should be done in arbitrary units (instead of dBm), so 
the figure below shows two of the resonance points rescaled to Power (a.u.). From 
the fitting, Γ (FWHM) of the 1566.8 nm is shown to be 108 pm, which gives us a 
Q-Factor of 14,450 and a Finesse of 15.5, whereas for the 1563.5 nm resonance, 
the FWHM is 110 pm, the Q-factor is 14,224 and the finesse is 15.3. 
3.6 Comparison of this Device 
Table 3-4 shows this device compared to others in literature. The modulation 
depth of this device is very good, significantly higher than in contemporary 
literature. The finesse and Q-factor on the other hand still have room to improve, 
and are some distance from achieved Q-factors in contemporary works in silicon 
and silicon on insulator (for example, Q ~ 510,000 in [21]). However, other 
techniques that do not involve etching the LiNbO3 can obtain better finesse due to 
having less sidewall roughness. These techniques typically involve depositing a 
waveguide on top of bulk LiNbO3, for example a tantalum pentoxide waveguide 




work has to be done to ensure the majority of the mode is confined to the lithium 
niobate section. This method is highly promising, as seen by the very good quality 
factor and finesse achieved by P. Rabiei, however, the downside is an increase in 
fabrication complexity. Another similar technique shown in [23] and [22] involve 
hybrid devices with silicon. This is also promising, as it is able to utilize the 
mature processes of silicon, and likewise can achieve good quality factors. The 
same limitation applies in terms of increased fabrication complexity. Ultimately, 
this depends upon the requirements of the device whether the increased 
complexity is worthwhile. 
Table 3-4 - Literature Comparison 




14,450 15.5 0.244 >15 dB This work 
Etched 
LNOI[24] 
3,100 4 N/A ~12 dB Fluorine-
implanted [25] 
4,000 5 0.14 7 dB Etched LNOI 
[2] 
4,300 23 N/A 10 dB Free-standing 
etched LNOI 
[26] 
11,500 N/A 12.5 ~8 dB Hybrid Si-
LiNbO3 [23] 
13,000 43 13.7 13.7 dB Hybrid Si-
LiNbO3 [27] 
74,000* 50* N/A ~6 dB Hybrid Ta2O5-
LiNbO3 [22] 
102,000 N/A N/A N/A FIB milled 
LNOI [28] 




Additionally, there have been some works that use FIB milling of LNOI to 
produce ultra-high quality factor microdisks [28]. Such devices are useful for 
studying matter-light interactions, but are difficult to integrate into devices due to 
FIB smoothing process reducing the initial dimensions of the resonator, meaning 
that waveguides have to be defined separately (and probably with another 
material such as polymer). Currently FIB milled microdisks are measured using 
tapered fibers. These are still very useful as the attainable quality factors are 
orders of magnitude above conventional methods. 
Compared to contemporary literature, we’ve achieved a very high 
modulation depth, and a decent finesse and quality factor. The quality factor is 
comparatively good for etched LNOI. Since our processes utilizes ion milling and 
does not require many fabrication steps, shows potential as the EBL step can 
easily be transferred to photolithography. In summary, we have successfully 
fabricated and measured a rib microring resonator in lithium niobate on insulator, 
and measured its transmission spectrum, Q-factor, propagation loss and electro-
optic modulation. While we have achieved a very good modulation depth of over 
15 dB; there is much room for improvement, especially to decrease the loss. We 
will examine losses in detail in the next chapter.  
3.7 Applications of LNOI Microring Resonators 
The high extinction ratio makes the device of section 3.4 useful for wavelength 
selection devices (such as add-drop filters) as for a wavelength selector it is 
desirable to completely remove (or tap) selected wavelengths. This is illustrated in 




Figure 3-25 – Typical configuration for an Add-Drop Multiplexer. 
The benefit of using LNOI microring resonators for this is that one can 
achieve reconfigurable optical add-drop multiplexers (ROADM). By tuning the 
resonance frequency, one can select wavelengths to be added or dropped at GHz 
frequencies. Commercial wavelength division multiplexing spacing is 100 GHz 
(roughly 0.804 nm), so the FWHM of a 50 µm microring can satisfy this 
requirement (the FWHM should be less than half the channel spacing, to 
individually resolve adjacent bands due to Taylor’s criterion). However, the C-
band has a range of 35 nm. With a FSR smaller than the range (3.2 nm), multiple 
undesired wavelengths will be selected if the FSR is not correctly tuned to be out 
of match with the wavelength spacing. A better solution would be to use an 
arrayed waveguide grating, then place microring resonators at each output port. 
While this complicates the electronic control side of things, it is still optically 








Figure 3-26 – Example of a microring resonator employed as a sensor. 
Unfortunately the selectivity (as represented by the finesse) is not 
particularly good, meaning more work is needed to be effective in sensitive 
applications, as these have to typically measure the minute changes in the 
resonance, and may require a very small FWHM to accurately distinguish these 
small changes. However, in theory a LNOI sensor would have distinct 
advantages, for example being able to tune the resonance point, and do so very 
quickly. An example of a LNOI-based microring resonator as a sensor for fluidics 
is shown below. 
3.8 Conclusion 
In this chapter we have explored the design, fabrication and characterization of 
microring resonators in LNOI. Additionally, we have performed various 
optimizations to produce high finesse microring resonators. Finally, we have 
achieved an electro-optic modulation of 0.244 pm/V, a high modulation depth of 
over 15 dB and a finesse of 15.5. Our microring resonators in lithium niobate 
compare well to other fabricated microring resonators, as described in Table 3-3. 
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 | Loss Characterization of Waveguides 
4.1 Introduction: The Problem of Sidewall Roughness 
The loss of our waveguides is significant, especially compared to that of diffused 
waveguides. This is expected, due to etching-induced rough sidewalls, 
propagation loss cannot achieve that available in non-etched (i.e. diffused or 
deposited) waveguides [1]. This loss is evident in both IR images and SEM 
images: the IR shows most of the light escaping from the sides, and the SEM 
images show roughness of the waveguides. This is not an isolated problem: it is 
actually well known in literature [2]. In other platforms, such as bulk lithium 
niobate, we can also anneal close to the Curie temperature as we did in chapter 2, 
so that the roughness is smoothened out. However, for LNOI, the multi-layers 
have different coefficients for thermal expansion, and thus cannot be annealed 
over 400 °C (in our samples, the thin film of lithium niobate started to crack off at 
this temperature). This is far too low to affect the structure of the crystal [3]. 
 
Figure 4-1 – (a) The sidewalls light up: scattering loss in the sidewalls. (b) Sidewall 




We have taken steps to ensure the reduction of sidewall roughness, which 
include optimization of the EBL process (FBMS, and dosage calibration), as well 
as optimization of the argon ion milling process (low power, angled etching). The 
following sections describe loss characterization methods. 
4.2 Comparison of Common Loss Measurement Techniques 
Several methods are available to measure the loss. These include the following: 
 Cut-back method [4]: This involves measuring the power output, and then 
cutting the sample, and then re-measuring the power output. If performed 
multiple times, propagation loss can be determined from the graph plot of 
optical power vs. cut length. However this can be subject to a lot of 
inaccuracies, especially for lithium niobate which does not cleave easily. 
The insertion loss (coupling light into the waveguide) can be different for 
each cut-back, due to the fact that the insertion loss is sensitive to 
alignment, and the alignment may not be perfect each time. 
 Fabry Perot Resonance Method [5]: The edges of the lithium niobate 
crystal form a weak cavity, and this will cause resonances to occur within 
the crystal, which correspond to the length of the sample. The ratio 
between the high and low power points can provide information about the 
loss, and the period between peaks can provide information about the 
effective index. Unfortunately, the Fabry Perot method is sensitive to 
reflectivity. As the reflectance (as estimated from the Fresnel reflectivity) 
is quite low, meaning a small change in the calculated reflectivity causes a 
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large change in the estimated loss. Additionally, each input facet may have 
different coupling efficiencies due to fabrication inaccuracies.  
 Optical Image Method [5]: Using a CCD camera (which is highly linear) 
we can take a snapshot of the waveguide, and convert the pixel brightness 
values to numbers. Plotting along the waveguide gives us an estimated 
loss. The inaccuracies include the low dynamic range of the CCD, causing 
saturation in the ADC bins and rough particle contaminations causing 
additional scattering in the images. 
 Another method is using an optical method to measure loss through clever 
fabrication of neighboring devices. Using Y-branch splitters, we split each 
input into 4 separate waveguides, then place gratings to couple light out at 
several different known lengths. The light is imaged onto a CCD camera, 
and the power output at each grating can therefore be estimated. The 
differences in light output at each grating is therefore dependent on the 
additional length of waveguide traveled, thus the ratios can provide us 
information about the loss. The main problem here is grating design, and 
the repeatable collection of light from the gratings. 
To get a good measurement of the loss, we may use several of the 
aforementioned methods and compare the results. We don’t use the cut-back 
method due to the sensitivity of aligning lensed fibers to the edge of the sample, 
and the lack of controllability of the edge quality, however the other methods 
have been explored to estimate the loss.  
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4.3 Fabry Perot Resonance Method 
As we have previously examined the Fabry-Perot method before, here is a more 
detailed analysis. As one know, the end facets of the lithium niobate sample form 
a weak cavity, and this will cause resonances to occur within this cavity, 
essentially a Fabry Perot etalon. Maximum transmissivity (and therefore 
maximum power detected at the output using a power sensor) in this case occurs 
when the optical path length difference between each successive beam is an 
integer multiple of the wavelength (thus constructive interference at the output), 
whereas maximum reflectivity happens when the optical path length difference is 
equal to half a wavelength. This will cause peaks and trough in the intensity vs. 
wavelength graph. The spacing between each peak is calculated using the same 









where Δ𝜆 is the spacing between the peaks, 𝜆0 is the free space wavelength, 𝑛 is 
the refractive index (typically 𝑛𝑔 is used when the material is dispersive) and 𝑙 is 
the length of the cavity. 2𝑛𝑙 is therefore the optical path traveled until a photon 
reaches its starting position. 
 Assuming each end facet is “perfectly smooth”, we can estimate the end 
facet reflectivity via Fresnel reflection. One can substitute in the refractive index 
of lithium niobate as 𝑛1 , and 𝑛2 = 1 (air). If we use the effective refractive index 
instead (𝑛𝑒𝑓𝑓), it will estimate a lower reflectivity and therefore a lower loss. It’s 

































𝛼𝐿 = ln (
1 + √𝜁
1 − √𝜁
) + ln𝑅 , (25.3) 
where 𝐿 is the length of the sample and 𝛼 is measured in cm-1. To convert to the 
more conventional 𝑑𝐵 ⋅ 𝑐𝑚−1,  we simply multiple 𝛼 by 10 log 𝑒, ~4.34.  
 
 
Figure 4-2 – Transmission Spectrum for a 700 nm ridge waveguide. (a) shows the 
full range of measured results, with around 4,000 measurement points. (b) shows an 
examples of local region (to clearly see the FP resonance). (c) shows the same region 





The resonance relates inversely to the cavity length. Our sample has a 
cavity length (or in this case round trip length) of around 20 mm, will produce a 
resonance of around 50 pm spacing. Thus, to accurately measure the FP cavity, 
we used 2.5 pm resolution, and measured 4,000 points across 1550 nm (telecom 
wavelength) as seen in Figure 4-2. We then wrote a program to calculate the loss 
over the whole range of the transmission spectrum. For each point, the local 
region is probed (± several points) to determine the local minimum and 
maximum. This is used to calculate 𝜁, which is used in turn to calculate 𝛼. We 
have picked a selection of data points that shows the results clearly, from both the 
TE and TM polarizations. Specifically, we used 3, 4 and 5 μm for both TE and 
TM polarizations (shown in Figure 4-3) for 700 nm ridge waveguides in LNOI. 
 
Figure 4-3 – Z-Cut, TE, 5 μm waveguide. (a) shows the transmission spectrum over 
10 nm, using 2.5 pm resolution. Each local maximum and minimum have been 
identified and labeled (red and green circles respectively). (b) shows the loss over the 
range, calculated from the ratio between the maximum and minimum. (c) shows a 






Figure 4-4 – Z-Cut, TE, 4 μm waveguide. (a) Transmission spectrum. (b) Loss 
calculated from 𝜻. (c) & (d) FP resonances. 
 
 
Figure 4-5 – Z-Cut, TE, 3 μm waveguide. (a) Transmission spectrum. (b) Loss 









Figure 4-6 – Z-Cut, TM, 5 μm waveguide. (a) Transmission spectrum. (b) Loss 
calculated from 𝜻. (c) & (d) FP resonances. 
 
Figure 4-7 – Z-Cut, TM, 4 μm waveguide. (a) Transmission spectrum. (b) Loss 









Figure 4-8 – Z-cut, TM, 3 μm waveguide. (a) Transmission spectrum. (b) Loss 
calculated from 𝜻. (c) & (d) FP resonances. 
For these 700 nm ridge waveguides, the propagation loss generally ranges 
from 0.15 to 2 cm-1, which corresponds to 0.7 to 8.7 dB/cm, with the larger width 
waveguides giving much better losses. For the smaller waveguides, the TE mode 
tends to be less lossy than the TM mode. For the 3 µm waveguide, the TE loss 
averaged 2.5 cm-1 compared to 3 cm-1 for the TM case, whereas the 4 µm has 
roughly the same losses (~1.4 cm-1). However, the 5 µm TM losses are extremely 
small compared to the TE losses (0.15 cm-1 compared to 0.5 cm-1). It has been 
suggested that TM losses due to surface roughness in rib structures are 
significantly higher than TE losses [6]. Secondly, fabrication of smaller 
waveguide produce rougher surfaces due to both lithographic and etching 
limitations, and thus we suspect at the waveguide width becomes larger, the TM 





completely constant through the transmission spectrum; it can vary by a couple of 
dB. This effect is quite minor, but can be caused by the insertion loss between the 
lensed fiber (both at the input and output side) or defects in the waveguide, or 
other minor resonances. Secondly, the FSR Δ𝜆 corresponds to a sample length of 
1.1 cm, which is exactly the length of our samples, and this shows that we are 
correctly measuring the Fabry Perot resonances instead of some other spurious 
resonance due to some fabrication defect. These losses are extremely low, 
meaning that commercialization of etched rib/ridge waveguide may be possibility 
in the future.  
4.4 Gratings: Design and Fabrication 
4.4.1 Grating Design and Simulations  
 
Figure 4-9 – Gratings at periodic intervals to measure the loss. 
As illustrated in Figure 4-9, we design the gratings at periodic and known 
intervals, and the ratio of power coming out of each grating should directly 
correspond to the loss. We designed the gratings by parametrically sweeping the 
period and duty cycle in a finite-difference time-domain software (MEEP). We 
then collected the flux from a point directly above the gratings. The results are 
shown in Figure 4-10. Since the grating is fabricated at the same time as the 
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waveguide, the parameters of fabrication must be similar: in this case we 
optimized the gratings for an etched 700 nm ridge waveguide. Additionally, the 
waveguide is tapered outwards for the grating, and this is well-known to improve 
the coupling efficiency [7, 8].  
From the simulations, an appropriate duty and period is chosen to 
maximize the light coupling straight upwards. The highest performance was with 
800 nm period and 20% duty cycle. However, although small periods and low 
duty ratio seemed to be preferred for light going upward, small features are 
intolerant to fabrication inaccuracies, so larger periods and more balanced duty 
ratio are preferred, as seen in Figure 4-11. 
 
 
Figure 4-10 – Flux measured propagating upwards, simulated in FDTD for various 




Figure 4-11 – FDTD Simulation "Y" slice of 800 nm with 20% duty cycle. After 
etching, the features did not form a good grating. 
Therefore, a period of 1100 nm and a 35% duty cycle are chosen as a 
compromise between fabrication capabilities and light coupled out. In fact, with 
large features, the device is tolerant to errors since the same fabrication process 
applies to all the gratings. We can expect the ratio of output between each grating 
to accurately represent the propagation loss. The Y slice of these parameters is 
shown in Figure 4-12. 
 
 
Figure 4-12 – (a) Y-slice of the FDTD simulation showing the 1100 nm grating with 
35% duty period. (b) shows the device prior to etching, and (c) shows it post-
etching. Although the features are diminished, the gratings still performs. 
(a) (b) 
(a) (b) (c) 
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 Gathering the flux at various positions, we can then estimate the 
proportion of light that is scattered upwards, reflected back, or even scattered 
towards the substrate. In terms of the light scattered upwards, we separately 
calculate the light that has a low angle (<±20° off-center), and these values 
(marked with *) are shown in Table 4-1. From this, we can see that the reason 
why the 800 nm case is efficient in scattering light upward, as all other 
components are suppressed. However, while the 800 nm case is better in terms of 
light propagating vertically up, the 1100 nm case is still sufficiently good (with 
~30% light propagating upward) and is significantly easier to fabricate.  
Table 4-1 – Composition of light exiting the grating 








Reflected 4.4% 10.5% 
Total Power 100% 100% 
 
4.4.2 Grating Fabrication and Results 
The fabrication is similar to our previous work, but we have reiterated it here for 
clarity. Electron beam lithography (EBL) is used to fabricate the mask. To create 
stitch-free long waveguides, we use Fixed Beam Moving Stage (FBMS) by Raith, 
wherein the beam generates a circular pattern, and the stage then scans the 
intended device. This allows us to create stitch-free devices spanning the entire 
chip. We deposit a layer of chromium (60 nm) over the chip before spin-coating 
the resist. After development, we etch the chip in chromium etchant. This creates 
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a bi-layer mask of resist and chromium, allowing us to etch more deeply, as the 
selectivity of our etching methods are not particularly high. The devices are 
etched using argon ion milling, and this purely physical process creates a higher 
smoothness than reactive ion based processes. The etch depth is 700 nm, forming 
ridge waveguides. Subsequently, the masks are removed and then the chip is 
diced to ensure an optically smooth end facet. For measurement, we coupled in 
TM light, and used a SWIR CCD (Xeva Xenics) to image each grating. Because 
the SWIR CCD only has 12-bits (4096 distinct analogue-to-digital converter ADC 
bins), we imaged each device at several exposures to obtain a good dynamic range 
in the results. We used a MATLAB program to find the area with maximum 
intensity (the grating area), and then summed up the values of the pixels. Figure 
4-14 shows a microscope image taken with a short wave infrared CCD under 
various exposure times. A selection of exposure times are necessary because the 
light propagating from the grating can easily saturate the ADC. Subsequently, 
these images are processed in MATLAB to obtain the estimated power, and these 
graphs are shown in Figure 4-16, which describes the extracted loss information.  
 
Figure 4-13 – (a) shows a 5x magnified image of the device, with light coupled in 





Figure 4-14 – 4 μm waveguide, with pictured taken under multiple exposure times 
(as indicated by the time on the bottom). (a), (b), (c) and (d) refer to the distances of 
the gratings, 0 mm, 3mm, 6mm and 8.4mm respectively. 
 
Figure 4-15 – 4 μm waveguide, log of the sum of pixels within the grating region for 
each specific exposure. Each set is fitted linearly to obtain the estimated loss, 
averaged around 0.8 cm-1. 
 








Figure 4-16 – 3 μm waveguide, with pictured taken under multiple exposure times 
(as indicated by the time on the bottom). As per before, (a-d) reflects the grating 
position. 
 
Figure 4-17 – 3 μm waveguide, log of the sum of pixels within the grating region for 
each specific exposure. Each set is fitted linearly to obtain the estimated loss, 
averaged around 1.5 cm-1. 
 








Figure 4-18 – 2 μm waveguide, with pictured taken under multiple exposure times 
(as indicated by the time on the bottom). As per before, (a-d) reflects the grating 
position. 
 
Figure 4-19 – 2 μm waveguide, log of the sum of pixels within the grating region for 
each specific exposure. Each set is fitted linearly to obtain the estimated loss, 
averaged around 3 cm-1. 
 







 From the data, we obtain losses of 3 cm-1, 1.5 cm-1, 0.8 cm-1 for 2, 3, 4 μm 
waveguides, respectively. This corresponds to 12.7 dB/cm, 6.36 dB/cm, 3.4 
dB/cm. For the 4 μm waveguides, the gratings actually do not produce a good 
fitting, however the losses obtained correspond to our FP resonance 
measurements (around 1-2 cm-1, ~ 5 dB/cm). The 3 μm waveguides grating 
measurements (1.5 cm-1, ~6.5 dB/cm) underestimate the loss compared the results 
obtained by FP resonances, but not by much (around 2-3 cm-1, ~ 10 dB/cm). As 
for the 2 μm waveguide, the FP resonances are not clear, so it cannot be compared 
to the grating measurements. Though the results seem to have high error, grating 
measurements provide a good comparison to the losses obtained via FP 
resonances. These are shown in Figure 4-20 below. As we used TM polarization 
for the grating measurements, they agree with the TM polarization for the FP 
method fairly well. 
 
Figure 4-20 – Comparison of methods. TE and TM refer to FP method, and 
Gratings refer to the measurement of TM losses via gratings. 
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4.5 Comparison of Losses 
The table below shows some of the work done in measuring and reducing the loss 
in ridge or rib waveguides in LNOI. Our work is comparable to other works in 
etched waveguides in LNOI. This shows that our optimized argon ion milling 
process is a suitable technique for rib/ridge formation. 
Table 4-2 - Comparison of Losses in LNOI Waveguides 
Author, Year Waveguide 





4 μm: 17 dB/cm 
  
Rib waveguides using argon 
milling. 
Rib height 400 nm, total height 700 
nm 
H. Hu, 2009[10] 1 μm: 9.9 dB/cm 
2 μm: 6.3 dB/cm 
Rib waveguide, 700 nm height 
P. Rabiei, 2013[11] 5 dB/cm Tantalum Pentoxide grown on 
LNOI 
The substrate is silicon. 
G. Uliac, 2015[12] 5 dB/cm Wet etching (NH4OH:H2O2:H2O 
2:2:1) for 60 minutes per cleaning 









2.1 μm: 1.2 
dB/cm 
Optical grade dicing, good loss but 
only straight/semi-straight lines 
This Work, 2016 4 μm: 6 dB/cm 
5 μm: 0.7 - 2.2 
dB/cm 
Rib waveguides using argon ion 
milling.  
Rib height 300 nm, total height 700 
nm 
4.6 Conclusion 
In this chapter, we have explored sidewall roughness as a major component of 
propagation loss. We have explored methods to analyze the loss, primarily FP 
resonance measurements and grating measurements. Using these methods, we 
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measured the loss of our optimized process, and obtained losses that are low for 
etched rib waveguides. Our results compare favorable to those of contemporary 
literature. 
While these losses are still higher than that of diffused waveguides, the 
losses are sufficiently low to produce commercial devices. Secondly, the argon 
ion milling process can be used on wafer-sized samples at once, and is thus easily 
scalable. Some work needs to be done to transform EBL-based techniques to 
photolithography-based techniques before commercialization, but this is not a 
significant problem as EBL-fabricated masks should have similar performance. 
These methods have brought LNOI waveguides close to the losses 
obtained of diffused waveguides, taking us one step closer to commercial devices. 
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 | Conclusion and Future Work  
5.1 Thesis Summary 
In this thesis, we explore fabrication processes specifically for the goal of 
compact optoelectronic devices in lithium niobate. We started with in-diffusion of 
titanium into bulk lithium niobate, and while we were able to create guiding 
waveguides, we quickly found that the achievable index increase via diffusion 
methods is insufficient to allow compact devices (due to substantial bending 
losses). Subsequent experiments with rib-diffused waveguides still did not 
sufficiently confine the light through bends. As a result we also explored lithium-
niobate-on-insulator as a platform of choice for optoelectronic devices. High 
index confinement is provided in the vertical direction via the insulator (silicon 
dioxide), and horizontal confinement is provided via etching. 
In LNOI, in particular, we optimized processes for fabrication of rib 
waveguides, microring resonators, gratings and photonic crystals. These 
structures were designed and simulated (using finite-difference time-domain 
simulations), and in order to fabricate these structures, various processes were 
optimized to improve waveguide quality. In order to create stitch-free long 
waveguides in electron beam lithography, we optimized a fixed beam moving 
stage exposure method. As for argon ion milling, we optimized angled etching 
and etching power to provide better roughness parameters. These parameters and 
processes allowed smooth waveguides to be created. 
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We then built optical setups to measure and characterize these devices, 
which used a range of characterization methods to obtain information regarding 
resonances, transmission spectrum, propagation loss and electro-optic tunability.  
We demonstrated electro-optic modulation in microring resonators 
fabricated on the LNOI platform, and it shows very high extinction for a 
microring resonator, on par with Mach-Zehnder interferometers, meaning that 
such a device can potentially provide an alternative Mach-Zehnder modulators. 
These devices in LNOI are significant as they are difficult to fabricate in 
traditional bulk lithium niobate due to material constraints. These devices show 
promising metrics in LNOI: compact structures and tunability, as well as 
utilization of non-linear optical effect. This lends credibility to LNOI being a 
platform of choice for future photonic integrated circuits.  
5.2 Future Works 
5.2.1  Introduction to Future Work 
With the demonstration of low loss waveguides and high-Q resonant cavities, we 
can demonstrate various other structures. In the following sections, we will detail 
some initial work done in several different structures, and also explain some of 
the future work that could be done to realize these devices commercially. These 
devices exploit the capabilities of LNOI as a platform, and thus have many benefit 
over other materials such as lithium niobate or silicon. 
 Some of the more promising areas are Mach-Zehnder Modulators and 
Photonic Crystals. We will briefly explore these areas in the subsequent section, 
to examine their viability in lithium niobate on insulator.  
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5.2.1 Mach-Zehnder Modulators in LNOI 
Mach-Zehnder Modulators or Mach-Zehnder interferometers are devices that split 
a light beam into two paths, and can alter the phase shift between these two paths 
[1]. As we know, if there is no phase shift between the paths, the waves will be in 
phase at the output and therefore constructive interference. If the phase shift of 
one path is exactly π more than that of the other path, destructive interference 
occurs. In a typical MZI, there are two output ports, and total constructive 
interference in one port necessitates total destructive interference in the other port. 
This is shown in Figure 5-1 [2, 3]. 
Due to the Fresnel equations, for a beam reflected while going from a 
lower refractive index to a higher index, a π phase shift will occur. All other 
waves do not experience a net phase shift. Therefore, the path going up from M1 
is π out of phase with the path going right from M1. 
 
Figure 5-1 – A Mach-Zehnder Interferometer. In this case, a half-silvered mirror 
M1 splits a coherent beam into 2. Mirrors M2 and M4 reflect the beam. The top 
path sometimes have some phase shifting element (φ-delay), and the beam is latter 
combined at the half-silvered mirror M3.  
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 Assuming no shift at φ-delay (and for simplicity no phase shift for 
reflections at M2 and M4), the top path arrives at A and B with a π phase shift. 
The bottom path arrives at A with no phase shift and B with a π phase shift (from 
M3). Therefore A experiences total destructive interference and B experiences 
total constructive interferences. Shifting the phase at φ-delay can therefore tune 
the power detected at both A and B. 
However, typically, on-chip MZM are based on Y-branch splitters, with 
only one output. With phases matched, constructive interference will occur in the 
output waveguide and in out-of-phase conditions, destructive inteference will 
occur in the output waveguide. Since power cannot dissapear, we actually find 
that in the out-of-phase condition, while the beam is destructive in the waveguide, 
it is constructive outside the bounds of the waveguide, as shown in Figure 5-2.  
 
 
Figure 5-2 – FDTD simulation of constructive (a) and destructive (b) interference in 
MZM. Only ending Y-branch is shown and light propagates from left to right. In 
(a), both paths are in the same phase and thus constructive interference occurs at 
the output port. In (b), one path is delayed by π and therefore destructive 







Figure 5-3 - Mach-Zehnder Modulator in z-cut LNOI. Blue represents lithium 
niobate, grey represents insulator (typically SiO2) and red represent electrodes. 
In the case of such a device, the φ-delay of Figure 5-1 is obtained via 
shifting the refractive index via the Pockels effect. In LNOI, a MZM will 
resemble Figure 5-3. The incoming beam will be split 50/50 via a Y-branch 
splitter. The bottom electrode (beneath the thin film) will be grounded, whereas 
the top electrodes will be biased to induce the Pockels effect. In this example, the 
left electrode can be given a positive voltage +V, and the right electrode can be 
given -V, to induce a refractive index change. 
Such a device has many benefits in LNOI compared to traditional bulk 
lithium niobate. The primary advantage is the increased refractive index contrast 
means that the bends can be significantly shorter. In traditional titanium diffused 
LiNbO3 modulators, the Y-branch takes almost a centimeter. However, in LNOI, 
we can widen within the µm range (usually 100 µm) without experiencing 
significant bending loss. Secondly, since the electrodes are directly on top and 
below the waveguide, we are able to induce a higher E-field in Z-cut samples, 







Figure 5-4 - Electrode placement in Z-cut LNOI is advantageous. (a) shows 
standard placement of electrodes in Z-cut lithium niobate diffused waveguides. (b) 
shows our proposal for electrode-placement in rib waveguides in LNOI. 
When we perform COMSOL AC/DC simulations, we find that such an 
electrode configuration has significantly higher electric field compared to 
conventional devices, for Z-cut wafers. In the following configuration, we spaced 
the 2 µm waveguides 10 µm from each other, applied +3 V to -3 V across the 
electrodes, and evaluated the simulation at 10 GHz frequency. The Figure 5-5 and 
5-6 show the electric potential (V), the electric field (V/m) of the MZM. In Figure 
5-5, the electric potential is applied between the positive (red) and negative (blue) 




Figure 5-5 – Electric potential (V) across the LNOI device. +3 V and -3V are applied 
across the top electrodes. 
 
Figure 5-6 – Electric field (V/m) across the device. Around 2 × 106 V/m can be 
obtained by applying a 6 V bias, or 3.3 × 105 V/m for a 1 V bias. 
 Due to the dielectric properties of lithium niobate, the electric field is 
higher in the lithium niobate than the surrounding air or insulator (as expected). If 
we take a cross-section across the structure (5 µm and 15 µm marks in Figure 5-
16), we obtain the cross-sectional field as shown below in Figure 5-7, where 
we’ve indicated the position of the waveguide (which ranges from 2 µm to 2.7 
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µm in the figure). The obtained electric field, 3.3 × 105 V/m, is high because of 
the advantageous geometry, which then reduces the required 𝑉𝜋 ⋅ 𝐿, greatly 
reducing the required length of the active region. 
Secondly, the arrangement of the electrodes allows a more uniform and 
directional field to be applied across the lithium niobate. This can be shown in 
Figure 5-8, which maps the electric field in terms of vectors, showing the 
direction. As before, it’s desirable to excite the vertical (Z-component) for the r33 
coefficient. 
   
Figure 5-7 – Cross-section of the electric field across both legs of the MZM. The 
arrows indicate the waveguide section. The field is over ± 2 × 106 V/m can be 
obtained by applying a 6 V bias, or ± 3.3 × 105 V/m for a 1 V bias. 
 
Figure 5-8 – Arrows indicating the electric field and direction. 
 
Z-direction (µm) Z-direction (µm) 
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This can be compared to a more traditional arrangement, as shown below 
[4]. All relevant geometric constants are unchanged to allow reasonable 
comparison with the previous case: waveguide spacing of 10 µm, SiO2 bottom 
buffer layer of 1.8 µm and top buffer layer of 1 µm. For diffused waveguides, it is 
normal to place the signal electrode across one arm of the modulator, and the 
ground electrodes across the other arm and as well as the same distance in the 
other direction, and this is shown in Figure 5-9. The electric field and the cross-
sectional view are also plotted in Figure 5-10 and 5-11, respectively. 
 
Figure 5-9 – Electric potential (V) across the bulk device. +3 V and -3V are applied 




Figure 5-10 – Electric field (V/m) across the device. 
 
Figure 5-11 – Cross-section of the electric field across both legs of the MZM. The 
arrows indicate the waveguide section. The obtain field is around -10 × 105 V/m in 
one leg, and +7 × 105 V/m in the other leg, for a bias of 6 V. 
The COMSOL simulations clearly show that the obtainable electric field is 
significantly higher in the LNOI design, by more than 3 times. This is because of 
the bottom electrode which allows easy access to the r33 coefficient, without 
needing to place the electrodes on the bottom. Our electric field for 1 volt is 3.3 × 
105 V/m. We can calculate our expected half wave voltage 𝑉𝜋 ⋅ 𝐿 for 𝐿 = 1 𝑐𝑚: 




𝐿 ⋅ Δ𝑛𝑒 








Δ𝜙 = 𝜋 =
𝜋
𝜆
× 0.01 × 𝑛𝑒
3𝑟33 × 3.3 × 10
5 × 𝑉 
𝑉𝜋 ⋅ 𝐿 = 1.61 𝑉 ⋅ 𝑐𝑚 
However, since in our configuration, 1 Volt increases the path difference 
in one leg, and reduces the path difference in the other leg, our half wave voltage 
is actually roughly 0.8 V⋅cm. Assuming a relatively bad optical-electrical overlap 
of 80%, the final half wave voltage should be around 1 V⋅cm. As expected, this is 
generally 2 to 3 times lower than that of diffused waveguides [5]. 
While we have fabricated the MZM, we have yet to measure the actual 
half wave voltage. However, as previously mentioned, this device has significant 
advantage over diffused waveguides: (a) it can allow a reduction in length of the 
Y-branch due to a higher index contrast, and thus reduces the footprint of the 
device, and; (b) the electrode configuration allows much more overlap between 
the electrical and optical fields, reducing the modulation voltage required for π 
phase shift. 
 
Figure 5-12 – Fabricated Y-branch splitter in Z-cut LNOI. 1550 nm light is coupled 




5.2.2 Initial Work on Photonic Crystals 
Photonic crystals are another area that can be further explored in lithium niobate 
on insulator. While it much research has already been done for photonic crystals 
in bulk [6] and suspended structures in lithium niobate[7], LNOI has many 
advantages for photonic crystal devices [8].  
We have also performed some preliminary work on photonic crystals in 
lithium niobate. The structure is air holes in a triangle lattice in LNOI. Using a 
parameter sweep in a FDTD simulation, we can estimate the radius and lattice 
spacing to obtain a band gap. An example of what we chose is shown below, with 
the lattice constant, a=1,400 nm and radius, r = 420 nm. 
 We can then simulate such a structure in a device, to see if the bandgap 
holds, and if a propagating beam can be guided through such a structure. As one 
can see from Figure 5-13, leakage is fairly small within the photonic crystal 
section of the waveguide, however there is significant leakage in the beginning 
when the mode of the waveguide converts into the PhC region. For fabrication, if 
we are able to use argon ion milling to fabricate these devices, it will greatly 
increase the throughput. 
 
Figure 5-13 - FDTD simulation of light propagating through a PhC region. 
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Currently, photonic crystals in lithium niobate (or most other crystals) are 
primarily fabricated via FIB [9, 10], and this limits the ultimate capability to 
commercialize such devices. Ion milling processes are exposure based, and have 
the capacity to be scaled up. However, FIB suffers from conical sidewalls [6, 9], 
and ion milling similarly has the same disadvantage. In LNOI the sample only 
needs to be etched through the thin film (700 nm), before a buffered oxide etchant 
can be used to etch the insulator, therefore if the conical shape falls within the 
insulator section, it will not affect the photonic crystal performance. 
 
Figure 5-14 – (a) PhC region prior to etching, (b) PhC section post-etching, (c) 
markers for two-step exposure. 
 
Figure 5-15 – (a) shows the pattern. The green region is exposed via “Area” 
exposure, whereas the cyan region is exposed via “FBMS” exposure. (b) shows the 
device with laser light coupled into it. As expected, the light scatters out from when 
the waveguide hits the photonic crystal region, but no light propagates past the 






Figure 5-16 – (a) shows the device, with lower magnification (20x), and (b) shows the 
device with a 5x magnification. The exposure was higher than in Figure 5-22, so the 
whole photonic crystal region lights up. Light propagates from the left to the right, 
and no light passes through the device. 
 As one can see from Figure 5-22 and 5-23 above, since the bandgap 
matches our tunable range, we were not able to get any light past into the 
subsequent waveguide, due to the bandgap. We actually do not detect any power 
at the output of the waveguide. However, when we introduce a line defect (shown 
below), we can get propagation through the waveguide. 
 
Figure 5-17 – (a) shows the device design, with 4 µm width waveguide, and a line-
defect. The line defect is 2 µm separation between the centers of the top and bottom 
hole. (b) shows the device, and light can propagate through the photonic crystal 







When we have a line defect, the light can propagate past the structure, and 
provide a reasonable amount of light at the output. We also tested the possibility 
of using a side-coupled resonant cavity in photonic crystal. The device is shown 
in Figure 5-18. 
The transmission spectrum in shown in Figure 5-19. Unfortunately, the 
transmission spectrum is too noisy to isolate specific resonances due to the length 
of the cavity. Additionally, more work is needed to effectively design the side-
coupling, to allow significant light into the side of the resonator. 
 
Figure 5-18 – (a) Device schematic of a photonic crystal based side-coupled 
resonator. (b) shows the device with light coupled in. Light is propagating from left 
to right. 
 
Figure 5-19 – Transmission spectrum of side-coupled resonant cavity. 




 The performances of these devices show that ion milling in LNOI is a 
suitable fabrication technique to produce usable photonic crystal devices in 
lithium niobate. As this is just a preliminary study, more work should be done to 
optimize and design a more effective structure to produce clearer resonances. 
5.3  Conclusion 
There is still much work to be done for Mach-Zehnder Modulators in LNOI, 
including 𝑉𝜋 ⋅ 𝐿 testing, and bandwidth measurements to test its frequency 
capabilities. Photonic crystals can also be further explored on LNOI substrates. 
As LNOI has a layer of silicon dioxide in between the thin film layer and the 
substrate, this can be etched by buffered oxide etch to create suspended structures. 
Such a suspended structure has use in obtaining ultra-high confinement photonic 
crystal cavities, and can be used as sensors or to explore cavity quantum electro-
dynamics. 
 Multiple platform integration can be explored to combine the relative 
strengths of each platform. One example is Silicon-LNOI hybrid, where silicon 
would be used to form the waveguide, but LNOI would be used for its nonlinear 
effect. Silicon waveguides would be deposited on top of the LNOI, and since 
silicon waveguides are able to be smoothened easily, the propagation loss will be 
low. If the size of the silicon waveguide is chosen carefully, a lot of the power of 
the mode can be located in the LNOI section. This means that we can both exploit 




 All of these applications exploit lithium niobate’s capability for matter-
light interaction, and promise a bright future for the next generation of photonics, 
especially in regard to photonic integrated circuits.  
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